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ABSTRACT 
 
Application of (U-Th)/He and 40Ar/39Ar Thermochronology to the Age of Thrust 
Faulting in the Sevier Orogenic Belt 
 
by 
 
Michael A. Giallorenzo 
 
Dr. Michael L. Wells, Examination Committee Chair 
Professor of Geoscience 
University of Nevada, Las Vegas 
 
 The Sevier fold-thrust belt of the Cordilleran orogen in the western United States 
is a well-studied geologic province, yet our understanding of the history of thrust faulting 
is still far from complete. Thermochronological methods are applied to major thrust 
systems from two distinct sections of the Sevier fold-thrust belt (SFTB): the Wheeler 
Pass thrust in the Mojave Desert section of the southern SFTB, and the Willard thrust in 
the Idaho-Utah-Wyoming section of the SFTB.  The new thermochronological data 
greatly improve our understanding of the structural evolution of this extensive geologic 
province.   
 The zircon (U-Th)/He (ZHe) system records thrust-induced uplift and erosional 
exhumation and cooling of three crustal sections from the hanging wall of the Wheeler 
Pass thrust in the Mojave Desert section of the southern SFTB.  The results constrain two 
separate episodes of thrust-induced exhumation and cooling. A Late Jurassic cooling 
event at ca. 158 to ca. 145 Ma is recorded along the western limb of the Wheeler syncline 
in the northwest Spring Mountains, interpreted to record erosional exhumation as the 
Wheeler Pass thrust sheet was translated up a major ramp. Late Jurassic shortening is 
consistent with proposed correlations of the Wheeler Pass thrust to the south with the 
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Pachalka thrust in the Clark Mountains, and is coeval with deformation along the East 
Sierran thrust system and high-grade metamorphism associated with crustal thickening in 
the Funeral Mountains.  Initial motion along the Wheeler Pass thrust by ca. 158 Ma pre-
dates motion along similar quartzite-dominated thrust sheets in northern sections of the 
SFTB by up to 30 m.y.; instead, northward continuation of the Wheeler Pass/Gass Peak 
thrusts into the Central Nevada thrust belt is supported.  Mid-Cretaceous cooling of the 
Wheeler Pass thrust sheet at ca. 98 to ca. 85 Ma, evident only in the southern Nopah 
Range, is interpreted to represent cooling related to passive uplift of the Wheeler Pass 
thrust sheet during footwall imbrication and formation of a duplex at the former ramp in 
the Wheeler Pass thrust.  Mid-Cretaceous cooling was coeval with slip along the frontal 
thrusts including the Contact-Red Springs-Wilson Cliffs and Keystone thrusts. 
 The muscovite 40Ar/39Ar system records the timing of syntectonic mica growth in 
the upper part the footwall of the Willard thrust, exposed on Antelope Island in the Idaho-
Utah-Wyoming section of the Sevier fold-thrust belt. Mica ages from a stratigraphically-
localized shear zone, measured by in situ laserprobe and step heating methods, record 
muscovite neocrystallization resulting from strain and fluid induced chemical alteration 
of feldspar linked with deformation and fabric development during slip along the Willard 
thrust.  Results record a main period of mica growth at ca. 115 Ma to ca. 90 Ma, which 
post-date currently accepted estimates of initial thrust motion by ~10-20 m.y. and are 
interpreted to date motion on the Willard thrust during the later part of its slip history. By 
ca. 90 Ma, the newly developed Ogden thrust system may have focused fluids away from 
the footwall, shifting fluid flow towards the foreland.  Diminished fluid flow resulted in 
the termination of mica neocrystallization and ductile deformation, causing rheological 
iv
strengthening of the Willard footwall. The rheological contrast generated between a 
weakened basal fault zone and a strengthened internal wedge reduced critical taper, 
which may have driven initial duplex faulting along the Ogden thrust system, uplift of the 
Wasatch anticlinorium, and motion along the Crawford thrust in the foreland at this time.  
v
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CHAPTER 1 
DISSERTATION SUMMARY 
 The Sevier fold-thrust belt (SFTB) of the Cordilleran orogen of the western 
United States is a well-studied geologic province, partly due to its hydrocarbon reserves 
and potential, yet our understanding of the history of thrust faulting is still far from 
complete.  Classical methods of dating fault motion that rely upon crosscutting 
relationships between faults and dated strata or igneous rocks, or from provenance studies 
of dated foreland basin systems, often fail to provide narrow age constraints due to the 
lack of preservation of key strata and synorogenic deposits in the foreland.  However, 
over the last couple of decades, thermochronology has emerged as an effective method of 
assessing thermal, exhumational, and deformational histories of the crust at various 
structural levels, permitting direct age determinations of tectonic motion in a variety of 
settings.  The SFTB provides ample opportunities to date thrust motion using 
thermochronology, which will greatly enhance our understanding of the structural 
evolution of this extensive geologic province in future applications.  
 This dissertation consists of two studies addressing the history of thrust faulting in 
two major sections of the SFTB, applying two different thermochronometric systems to 
different structural levels of each thrust system.  The first study, presented in chapter two, 
discusses the application of the zircon (U-Th)/He (ZHe) thermochronometric system to 
record exhumation and cooling of three relatively shallow crustal sections from the 
hanging wall of the Wheeler Pass thrust in the Mojave section of the southern SFTB.  
This new data constrains the age of faulting along the Wheeler Pass thrust and the 
younger frontal thrust system.  The second study, presented in chapter three, discusses the 
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application of laserprobe 40Ar/39Ar muscovite dating of mica neocrystallization from 
deeper structural levels of the Willard thrust in the Idaho-Utah-Wyoming section of the 
SFTB.  Syndeformational muscovite growth resulted from feldspar alteration during 
fluid-assisted ductile deformation at the top the footwall, linked with motion along the 
Willard thrust. 
 ZHe analyses from three sections of the Wheeler Pass thrust sheet, 
discontinuously exposed among mountain ranges in the Mojave Desert, allow resolution 
of two separate periods of shortening in the southern SFTB of the Spring Mountains and 
vicinity.  A Late Jurassic cooling event at ca. 158 to ca. 145 Ma is recorded along the 
western limb of the Wheeler syncline in the northwest Spring Mountains, interpreted to 
record exhumation as the Wheeler Pass thrust sheet was translated up a major ramp; this 
exhumation event is recorded in Cambrian and younger strata. Strata younger than 
Cambrian are missing from the southern Nopah Range section of the Wheeler Pass sheet, 
where Late Jurassic cooling is not preserved.  Mid-Cretaceous cooling of the Wheeler 
Pass thrust sheet at ca. 98 to ca. 85 Ma, evident only in the southern Nopah Range, is 
interpreted to represent cooling related to passive uplift of the Wheeler Pass thrust sheet 
during footwall imbrication and formation of a duplex at the former ramp in the Wheeler 
Pass thrust.  Mid-Cretaceous cooling was coeval with slip along the frontal thrusts 
including the Contact-Red Springs-Wilson Cliffs and Keystone thrusts.   
The absence of a mid-Cretaceous cooling event in the northwest Spring 
Mountains is best explained by variations in stratigraphic architecture of the precursor 
Late Precambrian passive margin between the two ranges, causing dissimilar responses to 
tectonic shortening as a function of the changing lateral position of the Wheeler Pass 
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footwall frontal ramp with respect to the North American craton. The north-south striking 
Wheeler Pass thrust cut obliquely across a northwest-thickening sedimentary wedge, 
which influenced the ramp and flat locations along strike between the northwest Spring 
Mountains and the southern Nopah Range.  Consequently, the stratigraphy of the 
Wheeler Pass footwall ramp varied between the Spring Mountains and Nopah Range, 
leading to different responses to mid-Cretaceous shortening along thrusts that fed slip 
into the Keystone and Red Springs-Wilson Cliffs-Contact thrusts to the east.  The Spring 
Mountains frontal ramp originally formed within a thick part of the sedimentary wedge, 
and the Wheeler Pass sheet continued to cool slowly and did not record accelerated 
exhumational cooling as it was passively translated horizontally above a thrust flat in the 
Wheeler Pass footwall.  In contrast, the Nopah Range frontal ramp originally formed 
within a thinner part of the sedimentary wedge closer to the continental hinge zone, and 
the Wheeler Pass sheet recorded exhumational cooling as it underwent passive uplift 
above basement-cored thrust duplexes in the Wheeler Pass footwall.   
 The new data provides new insights regarding correlations between the Wheeler 
Pass thrust and other regional thrust systems in the western Cordillera. Initial motion 
along the Wheeler Pass thrust by ca. 158 Ma pre-dates motion along similar quartzite-
dominated thrust sheets in central and northern Utah by up to 30 m.y. These new age 
constraints instead support a northward continuation of the Wheeler Pass/Gass Peak 
thrusts into central Nevada.  Late Jurassic shortening is consistent with proposed 
correlations of the Wheeler Pass thrust to the south with the Pachalka thrust in the Clark 
Mountains. Motion of the Wheeler Pass sheet in the Late Jurassic was coeval with 
deformation along the East Sierran thrust system and high-grade metamorphism 
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associated with crustal thickening in the Funeral Mountains.  These events are considered 
to be local structural expressions of the tectonic event assigned to the classic Nevadan 
orogeny, responsible for Late Jurassic contractional deformation in the foothills of the 
Sierra Nevada and Klamath Mountain province. 
 New muscovite 40Ar/39Ar thermochronology from the top the footwall of the 
Willard thrust, exposed on Antelope Island in the Idaho-Utah-Wyoming section of the 
SFTB, record syndeformational muscovite neocrystallization resulting from strain- and 
fluid-assisted chemical alteration of feldspar in the presence of metamorphic fluids.  
Syntectonic mica growth is linked with deformation and fabric development during slip 
along the Willard thrust.  Mica ages measured by in situ laser ablation and step heating 
methods record a main period of mica growth at ca. 115 Ma to ca. 90 Ma, dating 
protracted deformation in the Willard footwall.  These ages post-date currently accepted 
estimates of initial thrust motion from late Neocomian-early Aptian synorogenic deposits 
by ~10-20 m.y., and are interpreted to date motion on the Willard thrust during the later 
part of its slip history.  Younger ages mark the termination of thrust faulting at ca. 90 Ma, 
coinciding with the initial development of the Ogden duplex system, uplift of the 
Wasatch anticlinorium, and thrust faulting along the Crawford thrust to the east. Limited 
muscovite and biotite ages from the base of the Willard sheet exposed nearby at Fremont 
Island are cautiously interpreted to date a cooling event in the Willard sheet at ca. 140-
134 Ma, possibly following initial internal strain related to the development of the 
Willard thrust.  A minor subset of older ages from ~135-115 Ma in Precambrian granitic 
rocks from the top of the footwall may record mica neocrystallization during the early 
stages of Willard motion, although the possibility of excess Ar can not be ruled out.  
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The combined development of the Willard thrust and Ogden duplex system 
played a major role in the deformational evolution of the Willard footwall, which 
underwent a major mechanical transition in the mid Cretaceous, resulting in the transfer 
of thrust slip towards the foreland.  Reactive fluids that originated in the metamorphic 
hinterland to the west were concentrated along the Willard thrust in the Early Cretaceous, 
and migrated down hydraulic gradients into the deforming footwall along fracture 
networks at various scales, inducing fluid-assisted plastic deformation. Variability in ages 
from Antelope Island represent protracted muscovite neocrystallization over a period of 
at least 25 m.y., caused by cyclic crack and seal episodes within weakening shear zones 
under transient conditions of focused fluid flow. By ca. 90 Ma, the developing Ogden 
thrust system focused fluids away from the footwall, shifting fluid flow towards the 
foreland.  Diminished fluid flow resulted in the termination of mica neocrystallization 
and plastic deformation, causing rheological strengthening of the Willard footwall. The 
rheological contrast generated between a weakened basal fault zone and a strengthened 
internal wedge reduced critical taper and drove initial duplex faulting along the Ogden 
thrust system, uplift of the Wasatch anticlinorium, and thrust faulting along the Crawford 
thrust in the foreland.  
 In summary, this study showcases two successful applications of 
thermochronology from two different levels of the crust to obtain timing constraints on 
the age of thrust faulting in the western sections of two different segments of the SFTB.  
The ZHe system was applied to the Wheeler Pass thrust sheet in the Mojave section of 
the southern SFTB, which characterized exhumation at shallower crustal depths of 6-8 
km, depending on geothermal gradients.  Results reveal two separate episodes of thrust-
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induced exhumation and cooling, one in the Late Jurassic starting at ca. 158 Ma, and one 
in the mid Cretaceous at ca. 98 Ma.  The muscovite 40Ar/39Ar system applied to the 
Willard thrust in the Idaho-Utah-Wyoming section of the Sevier fold-thrust belt 
characterized syndeformational neocrystallization at deeper levels of ~10-15 km.  Results 
indicate that the top of the Willard footwall underwent a period of protracted deformation 
between ca. 115 to ca. 90 Ma due to faulting along the Willard thrust, post-dating initial 
motion by ~10-20 m.y., and ending concurrently with termination of the Willard thrust, 
and initial development the Ogden thrust duplex, uplift of the Wasatch anticlinorim, and 
faulting along frontal thrust systems.  One of the most important implications of this 
research is the identification of a Late Jurassic thrust event in the western section of the 
southern SFTB.  Western thrusts are widely considered to have been active in the Early 
Cretaceous across the entire SFTB, including the Willard thrust in the Idaho-Utah-
Wyoming section.   Our results show that the Wheeler Pass and Willard thrust sheet are 
not time-correlative, and instead motion along the Wheeler Pass thrust preceded motion 
of the Willard sheet by up to 30 m.y.   
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CHAPTER 2 
DATING TWO EXHUMATION EVENTS IN THE WHEELER PASS THRUST 
SHEET FROM THE SOUTHERN SEVIER FOLD-THRUST BELT USING ZIRCON 
(U-Th)/He THERMOCHRONOLOGY 
Abstract 
 Zircon (U-Th)/He (ZHe) thermochronology from three crustal sections of the 
Wheeler Pass thrust sheet, now discontinuously exposed across the Mojave Desert 
section of the southern Sevier fold-thrust belt, are used to constrain the age of motion on 
the Wheeler Pass thrust and the younger frontal thrust system.  Approximately 200 ZHe 
analyses record two distinct episodes of moderate cooling of the Wheeler Pass sheet due 
to thrust-induced uplift and erosional exhumation: the first, ca. 158 Ma to ca. 145 Ma, 
interpreted to record cooling related to slip on the Wheeler Pass thrust, and the second, 
ca. 98 Ma to ca. 85 Ma, interpreted to record passive uplift above a basement duplexes 
synchronous with slip along frontal thrusts.  Mean ZHe ages of ~158 Ma to ~145 Ma 
from Devonian sandstone to the base of the Wood Canyon Formation in the northwest 
Spring Mountains indicate that the Wheeler Pass sheet underwent moderate cooling 
beginning at ca. 158 Ma most likely during motion up the Wheeler Pass thrust ramp.  The 
cooling lasted ~10-15 m.y. and was followed by slow cooling and development of a ZHe 
Partial Retention Zone (PRZ) to ca. 75 Ma.  Strata younger than Cambrian are missing 
from the southern Nopah Range section of the Wheeler Pass sheet, where Late Jurassic 
cooling was not preserved.  In contrast, ZHe ages from uppermost Neoproterozoic and 
Early Cambrian strata exposed in the southern Nopah Range preserved a ZHe PRZ from 
~150 Ma to ~98 Ma during slow cooling, which was immediately followed by moderate 
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 cooling of deeper basement rocks between ~98 Ma to ~85 Ma.  The moderate cooling 
rate is interpreted to result from passive uplift above a subsurface ramp in the Wheeler 
footwall that fed slip into frontal thrusts to the east.  Absence of a mid-Cretaceous 
tectonic cooling event in the northwest Spring Mountains is best explained by variations 
in stratigraphic architecture of the precursor Late Precambrian passive margin between 
the two ranges, causing dissimilar responses to tectonic shortening as a function of the 
changing lateral position of the Wheeler Pass footwall ramp with respect to the North 
American craton. 
 Late Jurassic motion along the Wheeler Pass system of thrusts, including the 
Pachalka thrust in the Clark Mountains, is coeval with deformation along the East Sierran 
thrust system, and high-grade metamorphism associated with crustal thickening in the 
Funeral Mountains.  These events are concurrent with regional tectonism assigned to the 
classic Nevadan orogeny, responsible for Late Jurassic contractional deformation in the 
foothills of the Sierra Nevada and Klamath Mountain province.  Additionally, cooling 
within the Wheeler Pass sheet from ca. 158 Ma to ca. 145 Ma indicates that thrust motion 
was complete prior to initial motion along similar quartzite-dominated sheets in the 
central and northern Utah sections of the Sevier fold-thrust belt, casting doubt upon 
proposed thrust correlations.  Motion along the Wheeler Pass-Gass Peak thrusts instead 
may be correlative with similar thrust systems to the north in the Central Nevada Thrust 
Belt. 
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 Introduction 
 The Cordilleran orogen accommodated substantial Mesozoic shortening over a 
length of ~1500 km, arching eastward across the western United States, currently 
spanning up to 500 km in width across the extended backarc region of the Sierra Nevada 
magmatic arc (Fig. 2.1) (Armstrong, 1968; DeCelles, 2004).  Shortening in the retroarc 
region of the Cordilleran orogen occurred within several distinct zones of contraction 
from the Early-Mid Jurassic to the Paleogene, recording an overall eastward progression 
of deformation in response to eastward subduction of oceanic plates beneath North 
America.  These deformations occurred in the: Luning-Fencemaker thrust belt and East 
Sierran thrust system (Early-Late Jurassic), Central Nevada thrust belt (Late Jurassic-
Early Cretaceous?), Sevier fold-thrust belt (Neocomian to Campanian), and Laramide 
province (Maastrichtian to Eocene) (e.g., Taylor et al., 2000; Wyld, 2002; DeCelles, 
2004; Dunne and Walker, 2004; DeCelles and Coogan, 2006).  Additionally, Late 
Jurassic shortening occurred in rocks from deep levels in the Sevier hinterland that 
underwent significant tectonic burial and high-grade Barrovian metamorphism, now 
exposed in the cores of Cenozoic metamorphic core complexes (e.g., Armstrong, 1982; 
Applegate et al., 1992; Hudec, 1992; Hoisch and Simpson, 1993; Harris et al., 2007).  
Towards the south in the Mojave Desert, where the Cretaceous fold-thrust belt converges 
with the Sierran magmatic arc and East Sierran thrust system, these deformation (and 
magmatic) belts spatially overlap, blurring distinctions them and confounding 
correlations with more widely separated belts of shortening to the north (e.g., Snow and 
Wernicke, 1992; Dunne and Walker, 2004; Long, 2012) 
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  Our current understanding of the timing of contraction in the southern Sevier fold-
thrust belt (SFTB) is largely incomplete, particularly within southern Nevada and eastern 
California.  The results of this study improve upon timing estimates along the southern 
SFTB, and relates deformation to regional structures in the Mojave Desert area. The 
southern SFTB consists of two main sections of thrusts: (1) a western section, including 
the Wheeler Pass thrust, which carried thick sections of Neoproterozoic and Paleozoic 
passive margin strata eastward over the Paleozoic platform, and (2) an eastern section, 
including the Keystone and Red Springs-Wilson Cliffs-Contact thrust systems, which 
carried thinner sections of the Paleozoic-Mesozoic platform (Fig. 2.2) (DeCelles, 1994; 
Camilleri et al., 1997; DeCelles, 2004).  Fault timing along thrusts from the eastern 
frontal section is constrained by sparse synorogenic deposits confined to the footwall of 
the Keystone thrust system, including the Lavinia Wash sequence in the Goodsprings 
area, the conglomerate of Brownstone basin in the area of Red Rock Canyon National 
Conservation area, and the Willow Tank Formation and Baseline Sandstone in the 
Muddy Mountains. Volcanic clasts and ashes from the Willow Tank Formation and 
Lavinia Wash sequence yield ages of ~98-100 Ma (Fleck and Carr, 1990; Troyer et al., 
2006; Pape et al., 2011). These volcanic materials yield ages similar to volcanic flows 
and tuffs composing the Delfonte volcanic rocks in the Mescal Range and New York 
Mountains, which lie in the footwall of thrusts that occupy structural positions similar to 
the Keystone thrust system. (Fleck et al., 1994; Smith et al., 2003). The Red-Springs-
Wilson Cliffs-Contact thrust sheet, which overrides the synorogenic conglomerate of 
Brownstone Basin and the Lavinia Wash sequence, is shown from map relations to be cut 
by the Keystone thrust ramp in the Potosi Mountain area at depth (Burchfiel et al., 1997).  
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 Correlatives to the Keystone thrust in the Ivanpah and New York Mountains were 
intruded by an undeformed pluton by ~90 Ma (Walker et al., 1995; Smith et al., 2003; 
Wells et al., 2005).  Hence eastern frontal thrusts were likely active sometime between 
~98 Ma and ~90 Ma.   
 Classic methods of dating fault motion that rely upon crosscutting relations 
between faults and dated strata or igneous rocks, or from provenance studies of dated 
foreland basin systems, do not provide narrow age constraints in western thrust sheets, 
allowing for the Wheeler Pass thrust to be Late Jurassic, Early Cretaceous, or mid 
Cretaceous in age.  Synorogenic strata deposited during motion on the Wheeler Pass 
thrust are not preserved, and much of the foreland basin strata at this latitude was eroded 
during Laramide uplift associated with formation of the Kingman arch (Bohannon, 1984).  
Motion along the Wheeler Pass thrust may be Early Cretaceous, based upon proposed 
correlations with similar quartzite-dominated thrusts to the north that are dated by 
synorogenic strata (Fig. 2.1) (Wiltschiko and Dorr, 1983; DeCelles et al., 1994; DeCelles, 
2004).  Alternatively, correlations with the Pachalka thrust to the south in the Clark 
Mountains (Fig. 2.2) – which deforms ~146 ± 2 Ma plutonic rocks in its hanging wall, 
and is associated with folds in its footwall that are cut by an undeformed pluton at 142 ± 
7 Ma – suggests that latest thrust motion was Late Jurassic (Wernicke et al., 1988; 
Walker et al., 1995).  A final alternative is a mid-Cretaceous age; the synorogenic 
conglomerates of Brownstone basin, which occupies a similar position in the Red 
Springs-Wilson Cliffs-Contact footwall as the Lavinia Wash sequence, contain clasts that 
are unique to strata in the Wheeler Pass thrust sheet (Axen, 1980; Fleck and Carr, 1990), 
suggesting that the Wheeler Pass sheet was exhumed in the mid Cretaceous.  These 
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 contradictory observations regarding the timing of motion of the Wheeler Pass thrust 
have remained unresolved, and thrust faulting can only be accurately assigned to between 
Pennsylvanian and late Tertiary by stratigraphic relations (Burchfiel, 1965).  The main 
goal of this study is to provide better resolution of motion along the Wheeler Pass thrust.  
 Low temperature thermochronology is an effective method that allows us to 
assess thermal and exhumational histories of the crust at various structural levels, 
permitting direct age determinations of tectonic motion in a variety of settings (e.g., 
Ehlers and Farley, 1993; Farley, 2002; Stockli, 2005; Lock and Willet, 2008). Such 
methods have been widely applied to extensional fault systems, where footwalls of 
normal faults experience significant uplift, exhumation and cooling (e.g., Stockli et al, 
2001; Stockli, 2005; Colgan et al., 2010; Lee et al., 2011; Danisik et al., 2012; Li et al., 
2012).  Only relatively recently have studies applied low temperature thermochronology 
to evaluate cooling and exhumation histories in contractional fault systems, where uplift, 
exhumation and cooling are predicted in hanging walls above ramps (e.g., Sobel et al., 
2006; Gavillot et al., 2010; Carrapa et al., 2011).  The southern SFTB has received little 
attention over the past 20 years, and is largely lacking in age constraints for thrust 
progression and orogenic wedge development, leaving basic questions on the timing and 
duration of shortening unresolved.  The Wheeler Pass thrust sheet is particularly well 
suited for application of (U-Th)/He zircon thermochronology. 
 This study presents 200 (U-Th)/He zircon (ZHe) analyses from exposed remnants 
of the once-continuous Wheeler Pass thrust sheet that was dismembered and tilted during 
Cenozoic extension, and provides improved age resolution on thrust faulting along the 
western part of the southern SFTB (Fig. 2.2) (Burchfiel, 1965; Burchfiel et al., 1974, 
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 1983; Wernicke, 1988; Snow and Wernicke, 2000).  The zircon (U-Th)/He 
thermochronometer was chosen because zircon is a common accessory mineral in over 
70% of strata from the Wheeler Pass thrust sheet and the system’s low closure 
temperature (~180 °C) is ideal for evaluating the timing of exhumation of the shallow 
crust (Reiners, 2005; Lock and Willet, 2008).  Analyzed samples were collected along 
paleovertical transects perpendicular to stratigraphy, and depth-age relationships were 
used to compile exhumation and cooling profiles with the aid of thermal modeling using 
the HeMP program (Hagar and Stockli, 2009; Lee et al., 2011).  The new data provide 
absolute age constraints on the timing of cooling related to erosional exhumation of the 
Wheeler Pass thrust sheet during displacement up thrust ramps.  The improved timing 
allows us to test temporal and spatial relationships between motion on the Wheeler Pass 
thrust and frontal thrusts to the east (Keystone and Red Springs-Wilson Cliffs-Contact 
thrusts), relate thrust motion to the age of shortening along other belts of deformation in 
the southern SFTB, and test correlations with similar quartzite-rich thrust sheets to the 
north and northeast.  
 
Regional background 
 The rocks exposed in the Sevier orogenic belt accommodated broadly distributed 
and episodic tectonic activity since the Neoproterozoic (Armstrong, 1968; Burchfiel and 
Davis, 1975; DeCelles, 2004; Dickinson, 2004).  Continental rifting and tectonic 
subsidence in the Neoproterozoic and Early Cambrian resulted in deposition of a 
westward-thickening siliciclastic-dominated sedimentary wedge, followed by 
development of a carbonate-dominated passive margin during tectonic quiescence and 
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 thermal subsidence throughout much of the Early to Mid-Paleozoic (Wright and Troxel, 
1966; Stewart, 1970; Levy and Christie Blick, 1991; Link et al., 1993).  Relative tectonic 
quiescence dominated the passive margin throughout the late Paleozoic and early 
Triassic, punctuated by episodes of plate convergence and over-thrusting of oceanic 
sediments onto the shelf (Burchfiel and Davis, 1975; Dickinson, 2004).  An arc-trench 
system developed by the Late Triassic and the continental margin expanded by accretion 
of oceanic volcanic arc systems in the mid-Mesozoic (Dickinson, 2004).  Retroarc 
deformation in the southern Sevier belt region initiated by the Early-Mid Jurassic along 
the East Sierran thrust system in magmatically-weakened crust along the eastern flank of 
the Sierra Nevada arc (Fig. 2.1) (Walker et al., 1990; Dunne and Walker, 2004).  Early 
and Middle Jurassic shortening was contemporaneous with deformation to the north 
along the Luning-Fencemaker thrust belt in western Nevada, associated with the closure 
of a back-arc basin (Wyld et al., 2001; Wyld, 2002).   
By the Late Jurassic, eastward subduction of the Farallon plate beneath North 
America initiated, and the continental margin underwent tectonism associated with the 
Nevadan orogeny at ~155 ± 5 Ma, although the exact timing, nature, and regional 
significance of this major tectonic event is widely debated  (Schweickert et al., 1984; 
Edelman and Sharp, 1989; Hacker et al., 1995; Shervais, 2005).  In the region of the 
southern Sevier belt, this period of tectonic activity coincided with the end of the middle 
interval of deformation along the East Sierran thrust system in the southern Inyo 
Mountains and the Slate Range (~151 ± 3 Ma, Dunne and Walker, 2004), high-grade 
metamorphism associated with crustal thickening in the Funeral Mountains (~158 ± 3 
Ma; Beyene, 2011; Wells et al., 2011; Hoisch et al., submitted), and latest faulting along 
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 the Pachalka thrust in the Clark Mountains (~147 ± 7 Ma; Walker et al., 1995).  Eastward 
subduction of the Farallon plate beneath the North American continent continued 
throughout the Cretaceous, resulting in continental-arc magmatism in the Sierra Nevada 
batholith (Dickinson, 2004), and shortening in the Sierran backarc along the Central 
Nevada thrust belt (Taylor et al., 2000) and the SFTB on a more regional-scale (Fig. 2.1) 
(DeCelles, 2004).  
The geometry of thrust faulting in the SFTB was strongly influenced by the 
original architecture of the Neoproterozoic rifted margin and subsequent passive margin 
(Picha and Gibson, 1985; Yonkee, 1992), which was truncated and then intruded by the 
Sierra Nevada batholith in the present location of the Mojave Desert (Stone and Stevens, 
1988).  Convergence between the Mesozoic continental margin and batholith 
substantially constricted the region of retroarc shortening in the Death Valley region, 
blurring distinctions between different thrust belts in the back arc.  Thrust sheets in 
eastern sections of the SFTB carried thin strata of the continental platform and were 
relatively closely spaced, whereas western thrusts carried thick strata from the westward-
thickening sedimentary wedge and were more widely spaced (Burchfiel and Davis, 1975; 
Camilleri et al., 1997; DeCelles and Coogan, 2006).  Thrust faults were predominantly 
thin-skinned and rooted in common décollements, although the western thrust sheets, 
including the Wheeler Pass sheet in the SFTB, locally incorporated thin slices of 
crystalline rocks where basement promontories protrude into the sedimentary wedge near 
continental hinge zones, the margins of older Proterozoic rift basins, or basement 
promontories located near salients in the ancient rifted margin (Yonkee, 1992; Miller, 
2003).  
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 Geology of the Wheeler Pass sheet 
 The Wheeler Pass thrust and its correlatives, located within several mountain 
ranges in the Mojave Desert in southern Nevada and eastern California, are recognized as 
the easternmost Mesozoic thrusts in the western section of the southern SFTB that carried 
strata of the Neoproterozoic passive margin sequence (Burchfiel et al., 1983; Wernicke et 
al., 1988). The type locality for the Wheeler Pass thrust is exposed in the unextended 
northwestern Spring Mountains (Fig. 2.2), where Neoproterozoic quartzites structurally 
overlie Mississippian through Permian carbonate rocks that are folded into a SE-verging 
overturned syncline in the footwall (Burchfiel et al., 1974).  Similar stratigraphic and 
structural relationships are present in ranges to the northeast across the Las Vegas Valley 
shear zone in the Las Vegas and Sheep ranges, and to the southwest in the Resting Spring 
and Nopah ranges, forming the basis for regional correlation between the Wheeler Pass, 
Gass Peak and Chicago Pass/Shaw thrusts, respectively (fig. 2.2) (Guth, 1981; Burchfiel 
et al., 1983).  Displacement estimates along the Wheeler Pass thrust are between ~12 km 
and ~33 km, with a throw estimate of ~6 km based on stratigraphic separation of Stirling 
Quartzite over Bird Spring Formation in the northwestern Spring Mountains (Burchfiel et 
al., 1974). 
 The Wheeler Pass thrust ramp likely flattens out as a décollement to the northwest 
of the Spring Mountains (Burchfiel et al., 1974), although there is some debate about the 
subsurface geometry based upon a lack of evidence for a common “sole” detachment for 
Spring Mountain thrusts and the observation that thrust surfaces cut into different 
stratigraphic units with depth (e.g., Fleck, 1970).  Evidence within the eastern SFTB, 
including observations of subparallelism between the Keystone thrust and bedding 
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 surfaces in the hanging wall, supports the flattening of thrust faults with depth (e.g., 
Burchfiel et al., 1974).  If the Wheeler Pass thrust flattens out with depth, it probably 
soles out somewhere near the base of the Johnnie Formation or within the underlying 
Noonday Dolomite (which is unexposed in the Spring Mountains), and continues as a 
regional décollement northwestward into the Specter Range (Burchfiel, 1965; Burchfiel 
et al., 1974; Wernicke et al., 1988).  To the south, the Wheeler Pass thrust ramps down 
through the complete Neoproterozoic sedimentary section, Pahrump Group, and into 
underlying crystalline basement rocks that are exposed in the southern Nopah Range, 
Kingston Range, and Mesquite Range indicating a departure from thrusting along 
décollements rooted in Neoproterozoic strata (Walker et al., 1995; Davis, 1999). 
General stratigraphy 
 The Wheeler Pass sheet contains (1) thick sections of unaltered siliciclastic and 
carbonate sequences from the Neoproterozic to Paleozoic rifted and passive margins, (2) 
variable thicknesses of Proterozoic rift-related metasedimentary rocks, and (3) 
orthogneissic and paragneissic crystalline basement rocks from the Mojave tectonic 
province.  The complete sampled section is locally exposed across three mountain ranges, 
from which ~70% of the stratigraphy are zircon-bearing lithologies (Burchfiel et al., 
1983; Link et al., 1993).   
 Exposures of Paleoproterozoic crystalline basement rocks in the study area are 
limited to the southern Nopah Range, and include megacrystic orthogneisses and 
migmatites that yield U/Pb monazite overgrowth ages of ~1.76-1.73 Ga dating midcrustal 
anatexis related to collisional orogenesis (Wooden and Miller, 1990; Barley, 2005; 
Strickland et al., 2013).  Limited exposures of the Neoproterozoic Kingston Peak 
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 Formation diamictite from the Pahrump Group, unexposed in the Spring Mountains and 
Resting Spring Range, rest unconformably upon crystalline basement in the southern 
Nopah Range (Wright, 1974; Prave, 1999).   Kingston Peak strata were deposited within 
Proterozoic rift basins in southern Death Valley, with variations in thicknesses controlled 
by vertical movements along fault-bounded blocks at basin margins (Wright and Troxel, 
1966; Wright et al., 1974; Prave, 1999).  A full stratigraphic section of Pahrump Group 
strata would reach a thickness of ~2150 m to ~2350 m (Stewart, 1970).  The 
Neoproterozoic Noonday Dolomite unconformably overlies the Kingston Peak Formation 
and crystalline basement rocks in the southern Nopah Range (Stewart, 1970; Wright et 
al., 1974; Link et al., 1993), deposited within Kingston Peak depositional grabens and 
upon basin-bounding basement blocks in the Ediacaran (Stewart, 1970; Petterson et al., 
2011). 
 Following Noonday deposition, a northwestward-thickening siliciclastic 
sedimentary wedge developed during Neoproterozoic-Early Cambrian rifting (Wright and 
Troxel, 1966; Stewart, 1970; Link et al., 1993).  At its base, the Johnnie Formation 
conformably rests above the Noonday in the southern Nopah Range, with a maximum 
depositional age of ~640 Ma (Verdel et al., 2011).  The Johnnie Formation is a mixed 
unit that consists of interstratified dolomites, carbonate-bearing siliciclastics rocks, and 
siltstones, reaching a total thickness of ~1500 m in the northwest Spring Mountains 
(Wright and Troxel, 1966; Stewart, 1970; Fedo and Cooper, 2001; Schoenborn et al., 
2012).  Disconformably above the Johnnie Formation lies the Neoproterzoic Stirling 
Quartzite, which is a predominantly cliff-forming quartzite with thicknesses up to ~1500 
m.  The Stirling Quartzite consists mainly of medium to coarse-grained orthoquartzites, 
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 and minor amounts of conglomerates and quartz-rich siltstones (Stewart, 1970; Link et 
al., 1993; Fedo and Cooper, 2001; Schoenborn et al., 2012).  The finer grained and darker 
Cambrian Wood Canyon Formation conformably overlies the Stirling Quartzite, and 
mainly consists of siltstone, fine-grained quartzite, and arkosic and conglomeritic 
sandstone, reaching a thickness of ~1200 m (Stewart, 1970; Link et al., 1993; Fedo and 
Cooper, 2001; Schoenborn et al., 2012).  Conformably above the Wood Canyon 
Formation rests the thin, cliff-forming Zabriskie Quartzite of Early Cambrian age.  This 
unit consists of homogenous quartz sandstones with abundant Skolithos (Stewart, 1970; 
Prave et al, 1986; Mata et al., 2012).  The Early to Middle Cambrian Carrara Formation 
lies conformably above the Zabriskie Quartzite, consisting of interbedded siltstone, shale, 
and carbonate layers, reaching a thickness of ~450 m (Stewart, 1970), and representing a 
transition from dominantly siliciclastic to carbonate deposition.  Subsequent to rifting, 
tectonic quiescence ensued and lasted throughout the rest of the Paleozoic, broken up by 
brief periods of tectonic activity including the Antler and Sonoma orogenies, and 
continental truncation by the end of the Permian (Stone and Stevens, 1988).  Stratal 
sequences were dominated by carbonate deposits, punctuated by infrequent pulses of 
detrital deposition during reemergence of a clastic shelf including the sampled Eureka 
Quartzite in the Ordovician, and sandstones from the Nevada Formation in the Devonian. 
(Langenheim et al., 1962; Burchfiel, 1964; Ryan and Langenheim, 1973; McBride, 
2012). 
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 Analytical methods 
Zircon (U-Th)/He thermochronology 
 Zircon (U-Th)/He thermochronology is a widely recognized technique used to 
determine exhumational and thermal histories of the shallow crust in orogenic belts.  ZHe 
dating is based on the accumulation of radiogenic 4He, produced from the decay of 238U, 
235U, 232Th, and 147Sm, and is dependent upon thermally-controlled diffusion of 4He 
through the zircon crystal lattice (Reiners et al., 2004; Reiners, 2005; Wolfe and Stockli, 
2010). This isotopic system is sensitive to low temperatures, and is defined by a closure 
temperature of ~180 °C at typical geologic cooling rates (~10 °C/m.y.) and grain sizes.  
Crustal depths corresponding to this closure temperature are typically between 6 km to 8 
km, depending on the geothermal gradient (Spotila, 2005; Lock and Willett, 2008; Wolf 
and Stockli, 2010).  A ZHe cooling age, measured directly from the ratio of radiogenic 
alpha decay products (4He) to remaining parent atoms (238U, 235U, 232Th, and 147Sm), 
records the time since the host zircon grain cooled though this closure temperature.  
 Exhumation and cooling resulting from tectonic events, such as erosion induced 
by rock uplift along a thrust ramp, will result in the preservation of changes in the slope 
of the ZHe age gradient with structural depth, defining the ZHe Partial Retention Zone 
(PRZ) (Fig. 2.3).  Partial retention of 4He by the zircon crystal lattice begins at depths 
corresponding to ~200 °C, and the percentage of trapped 4He increases with decreasing 
temperature (and shallowing depths), until complete retention occurs at ~130 °C, defining 
the ZHe PRZ (Fig. 2.3a) (Wolf and Stockli, 2010).  Borehole studies have shown that 
rocks at depths below the base of the ZHe PRZ record “zero” ZHe ages, where 
temperatures are sufficiently high to prevent any retention of 4He in the zircon crystal 
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 lattice (Fig. 2.3a, white circle) (e.g., Reiners, 2005; Wolf and Stockli, 2010).  The base of 
the ZHe PRZ represents the depth transition between complete degassing below and 
some retention of radiogenic 4He above, approximately marking the 200 °C isotherm.  At 
shallower levels and lower temperatures, greater percentages of radiogenic 4He are 
retained by the crystal lattice, recording older apparent cooling ages.  The top of the ZHe 
PRZ represents the depth at which crustal temperatures are insufficient for diffusion of 
radiogenic 4He from the crystal lattice, resulting in complete retention, approximately 
marking the 130 °C isotherm.  The ZHe PRZ therefore records a vertical 4He 
concentration (age) gradient, transitional between zero retention of radiogenic 4He below 
the 200 °C isotherm (zero ZHe ages), and cooling ages from complete retention of 
radiogenic 4He above the 130 °C isotherm (Farley, 2002; Reiners, 2005; Wolf and 
Stockli, 2010).  During geological events that result in cooling due to either denudation or 
thermal relaxation, crustal isotherms migrate downwards with respect to rocks, causing 
rocks to cool, essentially preserving the 4He concentration (age) gradient recorded by 
rocks within the ZHe PRZ at the appropriate depths (Spotilla, 2005; Reiners, 2005; Lock 
and Willett, 2008).  The age of the lower inflection point in the ZHe age profile, at the 
base of the preserved ZHe PRZ, represents the age of initiation of a cooling event; with 
respect to the rocks at the base of the PRZ, this represents the timing of cooling through 
the effective temperature below which 4He is retained, or the time since rocks with “zero” 
ZHe ages have closed in the ZHe isotopic system (Fig. 2.3b). 
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 U/Pb prescreening for multi-kinetic zircon 
 Prescreening of prospective zircons grains by U/Pb LA-ICPMS analysis was 
undertaken due to concerns about differing radiation damage compromising the He 
diffusive kinetics leading to varying He diffusivity among zircon populations.  The 
potential complication of multikinetic zircon populations influencing grain age variability 
within a single sample is compounded for environments of slow to moderate cooling.  
Alpha particles (4He) naturally produced during the radioactive decay of U-Th atoms 
leave behind fission tracks, or linear defects, in the crystal lattice of the host mineral.  
These tracks can alter the rate of diffusion of accumulated 4He atoms, depending on 
various factors such as track density, interconnectivity, and residence time, 
compromising the basic assumption that 4He loss is controlled solely by volume diffusion 
(Reiners, 2002; Flowers et al., 2007).  Reiners (2005) showed that reproducibility of ZHe 
cooling ages declines sharply beyond a track density threshold ranging between 2.00 x 
1018 α/g and 4.00 x 1018 α/g, as defined from both U/Pb age and U concentration.  Zircon 
grains with track densities that fall below this threshold can be considered to provide 
reliable cooling ages. 
 Prescreening of samples by LA-ICPMS was accomplished only for detrital 
zircons from the southern Nopah and Resting Spring ranges, along with detrital zircons 
from Ordovician and Devonian units collected from the northwest Spring Mountains.  
Detrital grains from Neoproterozic and Cambrian strata from the Spring Mountains, and 
zircon grains from crystalline basement in the Nopah Range, did not undergo U/Pb 
prescreening.  Zircon grains that fell below 300 ppm U and 1.8 Ga were targeted for 
selection. The majority of grains selected had U concentrations that ranged between ~3.8 
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 ppm and ~265.0 ppm, and U/Pb ages that ranged between ~0.9 Ga and ~1.9 Ga U/Pb 
ages.  Only two grains with U/Pb ages over 2.0 Ga - having very low U concentrations < 
50 ppm - were selected for lack of better alternative grains.  U/Pb age and U 
concentration data were collected via laser ablation, and effective radiation damage for 
selected zircon grains was calculated using the equations from Murakami et al. (1991) 
and Nasdala et al. (2004).  The range of calculated values for effective radiation damage 
for eighty-eight of eighty-nine selected grains fell between ~1.62 x 1016 α/g and ~2.03 x 
1018 α/g (Fig. 2.4).  Of these prescreened grains, only one did not fall below the lower 
alpha damage threshold (2.00 x 1018 α/g) (Fig. 2.4, large white circle).  Shuster et al. 
(2006) demonstrated that He concentration can be used as an approximate indicator of the 
volume density of structural defects in a crystal lattice caused by alpha decay, and thus 
may be considered as a proxy for accumulative radiation damage over geologic time.  
When alpha damage calculations from prescreened samples are plotted against He 
concentration, a general relationship emerges where prescreened samples are scattered 
within a narrow envelope that is defined by a mean trend line (Fig. 2.4, line a) and an 
upper limit, which is also defined by a trend line (Fig. 2.4, line b).  Effective radiation 
damage for the remaining 111 grains from unscreened Spring Mountain and Nopah 
basement samples (Fig. 2.4, small circles) was then calculated via proxy using He 
concentration and the slopes from the same trend lines previously calculated from the 
prescreened samples.  While the purpose of this analysis is not to provide a rigorous 
empirical relationship between He concentration, alpha damage, and problematic He 
diffusion kinetics, it does succeed in identifying that less than 5% of grains in this study 
exceed the radiation damage threshold.  
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 Sampling strategy 
 Samples were collected along transects perpendicular to strike through three 
partial structural sections through the Wheeler Pass thrust sheet, including the northwest 
Spring Mountains, northern Resting Spring Range and southern Nopah Range (Figs. 2.5, 
2.6 & 2.7).   The maximum exposed stratigraphic thickness of zircon-bearing siliciclastic 
strata from the Neoproterozoic to Early Cambrian sedimentary wedge was sampled at 
each location. In addition, samples from the Ordovician Eureka Quartzite and the 
Devonian Nevada Formation were collected from the northwest Spring Mountains, as 
well as samples from Paleoproterozoic crystalline basement in the southern Nopah 
Range. 
 Cooling ages measured along these transects provide information regarding the 
thermal history of the crust at different structural levels. Because the position of the 
Mesozoic paleosurface during Mesozoic time is unknown, sample paleodepths are 
measured relative to a stratigraphic reference surface.  The base of the Cambrian Bonanza 
King Formation was chosen as a stratigraphic reference surface due to its laterally 
persistent and recognizable position across sampling localities.  Differences and 
uncertainties in cumulative Paleozoic and Mesozoic stratigraphic thicknesses between 
localities preclude its use as an absolute paleodepth datum. Two basic assumptions went 
into paleodepth calculations, based upon interpretive cross sections from the Spring 
Mountains and surrounding ranges (e.g., Burchfiel et al., 1974; 1983): (1) the Wheeler 
Pass thrust has a ramp-flat geometry as commonly observed in fold-thrust belts (e.g., 
Boyer and Elliott, 1982), and (2) samples were collected from panels of tilted strata, 
originally above thrust flats, that were cooled as they were rotated and translated up the 
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 Wheeler Pass footwall ramp.  Assumption (2) is based on the observation that in the NW 
Spring Mountains, the Wheeler Pass thrust places a hanging-wall flat on a footwall ramp. 
There is no evidence that the sampled rocks lay above the footwall flat in front of the 
footwall ramp after fault slip, although the possibility of extensional back-slip during 
Cenozoic time cannot be excluded.  Paleodepth was therefore calculated by measuring a 
sample’s distance orthogonal to the Bonanza King base reference surface (gathered from 
maps and cross sections) and adjusting the true thickness to structural depth by 
multiplying stratigraphic thickness by the cosine of the angle of the thrust ramp, which is 
assumed to be around 30 ± 10° at shallow crustal levels. We note that this depth 
correction does not change the cooling age trends with stratigraphic depth that we use to 
evaluate the timing of thrust faulting, but does influence estimates of denudation rates. 
Unless otherwise noted, paleodepths mentioned here will refer to paleovertical 
measurements of distances between points and/or surfaces that were tilted ~30° during 
motion up thrust ramps and prior to Cenozoic extension. 
Sample preparation and analyses 
 Zircon grains were concentrated by standard rock crushing and mineral separation 
procedures using several rock crushers, dry sieves, a water table, heavy liquids 
(Methylene Iodide), and magnetic separators.   Zircon separates were concentrated, 
handpicked and petrographically screened under polarized and non-polarized light.  
Clear, subhedral zircon grains, with no visible fractures or zonation under polarized light, 
minimal visible inclusions, and a dimension normal to the c-axis between ~60 µm to 
~120 µm, were selected.  Grains were photographed and measured to calculate weighted 
alpha ejection correction factors, following the methods of Reiners (2005) and Farley 
25
 (2002).  Zircon separates that were prescreened were mounted onto a silicon puck using 
double-sided tape, and analyzed using the Excimer LA-HR- ICP-MS Facility at the (U-
Th)/He Geo- and Thermochronometry Lab at the University of Texas, Austin.  Once 
analyzed, only those grains that fell under the threshold of radiation damage of 2.00 x 
1018 α/g (< 300 U ppm & 1.8 Ga) were selected for helium analyses.    
 Five of the most desirable grains from most detrital samples, and three from 
basement crystalline rocks, were packed inside platinum tubules and degassed by Nd-
YAG laser for total fusion He extraction, and purified in an ultra-high vacuum noble gas 
extraction and purification line.  The vacuum line includes separate aliquot systems for 
delivering 3He spikes for isotope dilution and 4He standards, a Janis cryogenic trap 
capable of separating He from other gases, and a Blazers Prisma QMS-200 quadrapole 
mass spectrometer for measuring 3He/4He ratios. Following He degassing, grains where 
unpacked, dissolved and spiked with various mixed 230Th-235U-149Sm concentrations for 
isotope dilution analysis of U, Th, and Sm.  Spiked solutions were analyzed using 
Inductively Coupled Plasma Mass Spectrometer (ICP-MS) against well-characterized 
primary and secondary age standards.  Samples were analyzed using two laboratory 
facilities.  A first batch of samples was run at the (U-Th)/He Laboratory at the University 
of Kansas, Lawrence.  Subsequently, a second batch of samples was analyzed at the (U-
Th)/He Geo- and Thermochronometry Lab at the University of Texas, Austin, including a 
prescreening procedure of U/Pb analyses by LA-ICP-MS.  
40Ar/39Ar thermochronology 
 For additional constraints on thermal history, samples were collected from the 
crystalline basement exposed in the southern Nopah Range, targeting K-bearing minerals 
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 (K-feldspar, muscovite, and biotite) for 40Ar/39Ar thermochronology.  Samples were 
crushed and dry sieved before appropriate size fractions of micaceous material were 
concentrated by employing the paper-shake method. Remaining crushates were then 
dropped in heavy liquids to concentrate K-feldspar (Bromoform - density of 2.89 g/mL).  
Bromoform was cut with acetone to the appropriate density necessary to separate out K-
bearing feldspar from quartz and plagioclase feldspar.  Remaining mica and K-feldspar 
separates were subsequently purified using magnetic separation and handpicking until 
concentrations of ~100 mg to ~200 mg of the purest mineral phases, free of any 
inclusions or impurities, remained.   
 Samples were analyzed by the 40Ar/39Ar method at the Nevada Isotope 
Geochemistry Lab at the University of Nevada, Las Vegas.  Mineral separates averaging 
3 mm in thickness were wrapped in Al foil and stacked inside sealed fused silica tubes, 
using 98.5 Ma GA 1550 biotite as a fluence monitor (Spell and McDougall, 
2003), interspersed every 5-10 mm along the tube.  Synthetic K-glass and optical grade 
CaF2 were included in the irradiation packages to monitor neutron-induced argon isotope 
interference produced from K and Ca.  Loaded tubes were packed in an Al container for 
irradiation at the U. S. Geological Survey TRIGA Reactor, Denver, CO. 
 Irradiated CaF2 and K-glass fragments were placed in a Cu sample tray in a high 
vacuum extraction line and were fused using a 20 W CO2 laser.   Sample unknowns and 
standards were analyzed by the furnace step heating method, utilizing a double vacuum 
resistance furnace.  Reactive gases were removed by three GP-50 SAES getters prior to 
being admitted to a MAP 215-50 mass spectrometer by expansion.  Peak intensities were 
measured using a Balzers electron multiplier.  Mass spectrometer discrimination and 
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 sensitivity were monitored by repeated analysis of atmospheric argon aliquots from an 
on-line pipette system.   Computer-automated operation of the sample stage, laser, 
extraction line and mass spectrometer, as well as final data reduction and age 
calculations, were done using LabView software.  
Thermochronologic modeling 
 Inverse time-temperature (t-T) modeling was applied, using the Helium Modeling 
Program (HeMP) (Hager and Stockli, 2009; Appendix to Lee et al., 2011), to laboratory 
measured ZHe ages from selected sample arrays to generate a series of t-T paths for the 
northwest Spring Mountain and southern Nopah Range sample transects.  HeMP derives 
a random series of simulated user-constrained t-T paths, from which model-derived (U-
Th)/He ages are calculated.  Model-derived ages are then statistically compared to 
laboratory-derived ages based on a “goodness of fit” criterion in	  order to evaluate the 
compatibility of the model-generated t-T paths with the acquired thermochronologic data. 
 
Zircon (U-Th)/He results 
Northwest Spring Mountains 
 Samples from the northwest Spring Mountains were collected along separate 
transects from each limb of the Wheeler syncline, supplemented by additional samples 
along specific stratigraphic intervals in strategic locations (Fig. 2.5).   For purposes of 
analysis and presentation, samples are divided into distinct domains based upon 
geographic locations with respect to the Wheeler syncline and Wheeler Pass.   
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 Western limb of the Wheeler syncline 
 The main transect lies within the western limb of the Wheeler syncline with 
samples from the top of the Johnnie Formation through the Zabriskie Quartzite (top of the 
Wood Canyon Formation).  Although the Johnnie Formation was sampled, heavy mineral 
yields were void of zircon.  Above this continuous, dominantly clastic, section lies a ~1.7 
km thick interval of Cambrian-Ordovician carbonates lacking zircon-bearing strata, 
above which two additional quartzite samples were collected from the Ordovician Eureka 
Quartzite and Devonian Nevada Formation.  This composite stratigraphic section covers 
~5.1 km of paleodepth.  Four additional samples were collected from various positions 
along strike within the Wood Canyon Formation along the western limb of the Wheeler 
syncline (Figs. 2.5 & 2.8).  The overall population of mean ZHe ages ranges from 158.0 
± 11.2 Ma within the Devonian Nevada Formation to 74.7 ± 19.8 Ma within the 
Neoproterozoic Stirling Quartzite (Table 2.1). 
 The stratigraphic interval defining the Late Jurassic cooling event occurs between 
the Devonian Nevada Formation and the lowermost Wood Canyon Formation.  Two 
samples from the Ordovician and Devonian, located at paleodepths of ~2.1 km and ~3.4 
km relative to the top-most sample in the Wood Canyon Formation, have mean ZHe ages 
of 151.4 ± 10.0 Ma and 158.0 ± 11.2 Ma, respectively (Fig. 2.9a & b). Mean ZHe ages 
from five samples from the lower Wood Canyon Formation range between 136.8 ± 9.6 
Ma and 153.0 ± 28.9 Ma over ~0.4 km paleodepth, and zircon grains selected from all 
five lower Wood Canyon samples have a composite weighted mean ZHe age of 141.9 ± 
5.9 Ma (14 of 16 grains, 2 rejects, MSWD = 3.3) (Fig. 2.10). It is likely that younger ages 
from this interval record intermediate rates of post-tectonic cooling prior to establishment 
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Sample Paleodepth* Age 1σ 
number (km) (Ma) (Ma)
Stirling Quartzite
SM-4 2.61                 80.5               ± 37.6             
SM-5 2.36                 81.4               ± 35.3             
SM-6 2.06                 74.7               ± 19.8             
SM-7 1.68                 119.5               ± 11.2             
SM-8 1.40                 109.2               ± 15.6             
Wood Canyon Formation
SM-8A 1.29                 140.6               ± 6.6             
RW-7 1.14                 149.8               ± 14.2             
RW-9 1.13                 153.0               ± 28.9             
SM-9 0.96                 136.8               ± 16.3             
SM-4A 0.91                 144.3               ± 11.3             
Zabriskie Quartzite
SM-10 0.49                 117.6               ± 7.3             
Eureka Quartzite
SM-23 -1.21                 151.4               ± 10.0             
Nevada Formation
SM-24 -2.48                 158.0               ± 11.2             
Table 2.1.  Zircon (U-Th)/He mean ages from the western limb of the Wheeler syncline
   Note:  See Appendix A for a complete ZHe data set.
   *Paleodepth is calculated as a paleovertical distance from a local reference surface (base of the 
Cambrian Bonanza King Formation).  See text for explanation.
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 of slow cooling, therefore we infer that cooling directly linked to exhumation occurred 
between ~158 Ma and ~145 Ma.  Mean ZHe ages from the lowest parts of the Wood 
Canyon Formation to deeper exposed levels in the Stirling Quartzite display a gentle age 
gradient of slow cooling from 140.6 ± 6.6 Ma to 74.7 ± 19.8 Ma over ~1.3 km 
paleodepth, defining the ZHe PRZ.   
 The Zabriskie Quartzite sample immediately above the top of the Wood Canyon 
Formation has an anomalously young mean age of 117.6 ± 7.3 Ma, and is considered 
problematic.  The Zabriskie Quartzite consists of pure, fine to coarse-grained quartz 
sands that sit below mudstones and carbonates in the Carrara Formation and above 
siltstone and carbonate units at the top of the Wood Canyon Formation (Stewart, 1970; 
Wright et al., 1974).  It is possible that this clean, well-sorted sandstone provided a major 
pathway for hydrothermal fluid migration at this stratigraphic level, which may have 
facilitated local He loss resulting in the observed younger apparent ages.  Zircon grains 
from the Zabriskie Quartzite sample in the southern Nopah Range also yielded 
anomalously young ages for their stratigraphic position, and ZHe ages from both samples 
are discounted from our interpretations.  
Inverse models run in HeMP indicate that the uppermost levels underwent 
moderate cooling rates of ~10 °C/m.y. to ~20 °C/m.y., and exhumation rates between 
~0.1 km/m.y. and ~0.3 km/m.y. between ~158 Ma and ~145 Ma, followed by slow 
cooling and development of a ZHe PRZ at lower levels throughout the remainder of the 
Cretaceous (Figs. 2.9 & 2.11).  Initial constraints of 350 °C to 250 °C from 225 Ma to 
175 Ma were assigned to the depth interval of the stratigraphically shallowest samples, 
assuming that crustal temperatures at this depth were above the upper temperature limit 
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 of the ZHe PRZ (200 °C) before cooling through the PRZ.  Models yielded acceptable 
fits for geothermal gradients ranging from 15 °C/km to 31 °C/km, with the largest 
number of fits between 23 °C/km and 30 °C/km (Fig. 2.9). 
Eastern limb of the Wheeler syncline 
 ZHe ages of samples collected from a second transect that runs along the axis of a 
complex secondary syncline located north of Wheeler Pass indicates that there is some 
complexity to the geologic structure and cooling history of the Wheeler Pass sheet that is 
not fully understood.  Sampling covers ~0.9 km of paleodepth from the Stirling Quartzite 
through the Wood Canyon Formation, as well as two stratigraphically higher quartzite 
samples from the Ordovician Eureka Quartzite and Devonian Nevada Formation. (Figs. 
2.5 & 2.12).  Because of a lack of stratigraphic continuity across the entire composite 
transect due to younger high-angle faulting, the paleodepth of the Ordovician sample 
relative to the Cambrian reference surface cannot be directly measured, and is therefore 
placed at the same relative paleodepth as the Ordovician sample from south of Wheeler 
Pass.  Lower samples record mean ZHe ages between 173.7 ± 23.2 Ma and 137.7 ± 23.2 
Ma, and the Ordovician and Devonian samples have mean ZHe ages of 198.6 ± 11.5 Ma 
and 202.7 ± 33.6 Ma, respectively (Table 2.2; Fig. 2.13). 
 Additional ZHe ages from two samples of the Wood Canyon Formation, collected 
adjacent to the trace of the Wheeler Pass thrust south of Wheeler Pass (Figs. 2.5 & 2.13), 
have mean ZHe ages of 163.3 ± 9.6 Ma and 167.5 ± 13.8 Ma (Table 2.2).  Another 
sample from the Ordovician Eureka Quartzite, located stratigraphically above these two 
samples along the axis of the Wheeler syncline, has a mean ZHe age of 171.0 ± 17.4 Ma. 
Collectively these three samples are statistically invariant at 1σ standard deviation over a 
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Sample Paleodepth* Age 1σ 
number (km) (Ma) (Ma)
South of Wheeler Pass
Wood Canyon Formation
SM-13 0.66                 167.5               ± 13.8             
SM-12 0.63                 163.3               ± 9.6             
Eureka Quartzite
SM-14 -1.55                 171.0               ± 17.4             
North of Wheeler Pass
Stirling Quartzite
SM-15 1.84                 144.7               ± 16.3             
SM-16 1.67                 137.5               ± 30.9             
SM-17 1.30                 173.7               ± 23.2             
Wood Canyon Formation
SM-18 0.94                 139.7               ± 17.3             
Eureka Quartzite
SM-21† -1.55                 198.6               ± 11.5             
Nevada Formation
SM-22† -2.23                 202.7               ± 33.6             
Table 2.2.  Zircon (U-Th)/He mean ages from the eastern limb of the Wheeler syncline
   Note:  See Appendix A for a complete ZHe data set.
   *Paleodepth is calculated as a paleovertical distance from a local reference surface (base of the 
Cambrian Bonanza King Formation).  See text for explanation.
   † Paleodepths unknown due to normal faulting and lack of stratigraphic continuity with the reference 
surface, and are therefore based on paleodepth of the Eureka Quartzite  from south of Wheeler Pass.
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 paleodepth of ~2.2 km, have a mean age of 166.9 ± 12.9 Ma, and overlap within 
uncertainty with ages from post-Cambrian samples from the western transect.  
Southern Nopah Range 
 Samples were collected along a composite transect that spans a total paleodepth of 
~5.7 km, from which only ~4.8 km are zircon-bearing lithologies.  These include ~2.4 km 
of crystalline basement and ~2.4 km of siliciclastic strata from the base of the Johnnie 
Formation through the Zabriskie Quartzite (Figs. 2.6 & 2.14), separated by a ~0.9 km gap 
that includes the non-zircon bearing Noonday Dolomite.  Zircon mineral separates from 
the Proterozoic crystalline basement were acquired from Brian Wernicke at Caltech.  The 
overall population of mean ZHe ages ranges from 154.7 ± 25.6 Ma to 62.7 ± 5.0 Ma 
(Table 2.3).  Ages from higher levels of the sample transect in the Wood Canyon 
Formation, Stirling Quartzite, and the Upper Johnnie Formation display a gentle age 
gradient from 154.7 ± 25.6 Ma to 98.2 ± 8.2 Ma over an ~2.2 km depth interval (Fig. 
2.15a & b).  The Zabriskie Quartzite sample at the top of the transect has an age of 132.9 
± 14.4 Ma and, similar to the Zabriskie Quartzite sample collected from the northwest 
Spring Mountains, we discount this age has having been produced by fluid-induced He 
loss.  The ZHe age gradient steepens significantly in the sampled underlying basement 
below the lower Johnnie Formation, which defines an inflection in the He age gradient. 
Mean ZHe ages below this inflection range between 98.2 ± 8.2 Ma and 85.1 ± 5.5 Ma 
over a paleodepth of ~2.7 km, defining the maximum interval that recorded the mid-
Cretaceous cooling event, below which the gradient shallows between 85.1 ± 5.5 Ma and 
62.7 ± 5.0 Ma over a paleodepth of ~0.8 km.  
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Sample Paleodepth* Age 1σ 
number (km) (Ma) (Ma)
Precambrian Gneiss
BW-3 6.16                 72.5               ± 7.5             
BW-13 5.93                 62.7               ± 5.0             
BW-12 5.81                 72.5               ± 13.6             
BW-11 5.42                 85.1               ± 5.5             
BW-9 4.94                 72.8               ± 12.9             
BW-8 4.81                 96.2               ± 17.6             
BW-7 4.52                 91.8               ± 7.2             
BW-6 4.23                 88.7               ± 0.2             
BW-5 3.85                 103.4               ± 1.2             
BW-4 3.75                 101.4               ± 9.9             
Johnnie Formation
NR-1 2.89                 92.6               ± 13.9             
NR-2 2.69                 98.2               ± 8.2             
Stirling Quartzite
NR-4 2.08                 117.1               ± 3.5             
NR-5 1.73                 106.3               ± 12.8             
NR-6 1.25                 141.2               ± 24.3             
Wood Canyon Formation
NR-7 0.90                 147.7               ± 25.4             
NR-8 0.77                 154.7               ± 25.6             
Zabriskie Quartzite
NR-9 0.51                 132.9               ± 14.4             
Table 2.3.  Zircon (U-Th)/He mean ages from the southern Nopah Range
   Note:  See Appendix A for a complete ZHe data set.
   *Paleodepth is calculated as a paleovertical distance from a local reference surface (base of the 
Cambrian Bonanza King Formation).  See text for explanation.
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  Inverse thermal modeling using HeMP indicates that the upper levels underwent a 
period of slow cooling and development of the ZHe PRZ from ~150 Ma to ~98 Ma, 
followed by moderate cooling rates of ~5 °C/m.y. to ~15 °C/m.y. and exhumation rates 
between ~0.1 km/m.y. and ~0.3 km/m.y. between ~98 Ma and ~85 Ma at lower levels 
(Figs. 2.15 & 2.16).  Initial constraints of 350 °C to 250 °C from 225 Ma to 175 Ma were 
assigned to the depth interval of the stratigraphically shallowest samples, assuming that 
crustal temperatures at this depth were above the upper temperature limit of the ZHe PRZ 
(200 °C) before cooling through the PRZ.  Models yielded acceptable fits for geothermal 
gradients ranging from 9 °C/km to 27 °C/km, with the largest number of fits between 13 
°C/km and 24 °C/km (Fig. 2.15).  
Resting Spring Range 
 Samples collected along a transect in the Resting Spring Range cover a ~1.5 km 
paleodepth interval from the base of the Stirling Quartzite through the Zabriskie Quartzite 
(Figs. 2.7 & 2.17).  Mean ZHe ages range from 187.2 ± 29.0 Ma to 132.4 ± 7.8 Ma 
(Table 2.4; Fig. 2.18).  Zircon grains selected from the upper four samples collectively 
span a paleodepth of ~1.0 km from the top of the Stirling Quartzite to the Zabriskie 
Quartzite.  These samples have a composite weighted mean ZHe age of 150.5 ± 4.2 Ma 
(14 of 17 grains, 3 rejects, MSWD = 1.5) (Fig. 2.19), indicating Late Jurassic cooling.  
These ages are consistent with the results from the Wood Canyon Formation through the 
Devonian Nevada Formation in the western Spring Mountains transect. 
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Sample Paleodepth* Age 1σ 
number (km) (Ma) (Ma)
Stirling Quartzite
RS-2 2.42                 132.4               ± 7.8             
RS-1 2.03                 137.0               ± 13.3             
RS-3 1.62                 147.1               ± 8.2             
Wood Canyon Formation
RS-4 1.24                 156.3               ± 7.8             
RS-5 0.88                 187.2               ± 29.0             
Zabriskie Quartzite
RS-6 0.58                 150.4               ± 6.0             
Table 2.4.  Zircon (U-Th)/He mean ages from the Resting Spring Range
   Note:  See Appendix A for a complete ZHe data set.
   *Paleodepth is calculated as a paleovertical distance from a local reference surface (base of the 
Cambrian Bonanza King Formation).  See text for explanation.
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 Zircon U/Pb results  
 U/Pb ages compiled for radiation damage prescreening present some additional 
information regarding detrital zircon provenance for Neoproterozoic to Early Cambrian 
strata of the Resting Spring and southern Nopah ranges, and Ordovician and Devonian 
strata from the northwest Spring Mountains (Fig. 2.20).  Ages for ~15 to 30 zircon grains 
per sample are used to make some basic qualitative observations regarding source 
provenances and how they may have changed with time throughout deposition of the 
Neoproterozoic sedimentary wedge and Paleozoic platform. 
 Zircon U/Pb ages from the Johnnie Formation of the southern Nopah Range, and 
from the Stirling Quartzite from both the southern Nopah and Resting Spring ranges, tend 
to show significant variability between ~0.90 Ga and ~1.80 Ga, with subtle peaks or 
clusters around ~1.00 Ga to ~1.15 Ga (Grenville province), ~1.35 Ga to ~1.45 Ga 
(Middle Proterozoic granite province) and ~1.65 Ga to ~1.75 Ga (Yavapai/Mazatal 
provinces).  Zircon from these southwest North American cratonal basement sources are 
commonly represented in Neoproterozoic and Lower Cambrian strata from Nevada 
(Poole et al., 1992; Gehrels et al., 1995; Shoenborn et al., 2012).  The few zircons 
between ~2.30 Ga and ~3.00 Ga found within these strata probably originated from the 
Wyoming and/or Superior provinces of the North American shield. These results are 
consistent with provenance data of Shoenborn et al. (2012), which indicate that sediments 
that supplied these units originated from a combination of distal and local detrital sources 
to the east, with greater concentrations from local Mesoproterozoic and Paleoproterozoic 
provenances than from distal Grenville and shield sediment sources. 
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  Strata from two intervals within the Wood Canyon Formation from both the 
southern Nopah and Resting Spring ranges display a significant departure in detrital 
zircon age signature from strata below.  The lower intervals from both ranges show 
strong peaks of dominantly Grenville age (~1.05 Ga), and are almost entirely void of 
zircons older than ~1.30 Ga.  This is consistent with other provenance studies that have 
observed an abrupt shift in the Grenville-age sediment contribution at the transition from 
Stirling Quartzite to Wood Canyon Formation deposition (Stewart et al., 2001; 
Schoenborn et al., 2012).  The dominance of distal Grenville sediment sources in 
conjunction with suppression of Mesoproterozoic provinces supports the idea that the 
transition from rift to drift occurred within the lower Wood Canyon Formation (Fedo and 
Cooper, 2001; Shoenborn et al., 2012). This detrital zircon signature is also present in the 
upper interval of the Wood Canyon Formation in the southern Nopah Range, while older 
populations showing Middle Proterozoic granite and Mazatal-Yavapai age signatures 
accompany Grenville grains in roughly equal proportion in the Upper Wood Canyon 
interval from the Resting Spring Range.  This trend continues in the Zabriskie Quartzite 
from the Resting Spring Range, where the Grenville-aged cluster is significantly 
diminished relative to Mesoproterozoic and Paleoproterozoic peaks, and may indicate 
renewed rifting and exposure of previously buried cratonal rocks locally.  Interestingly, 
the Zabriskie Quartzite in the southern Nopah Range instead continues to show a high 
percentage of Grenville grains, in addition to a cluster of grains from the Middle 
Proterozoic granite province (~1.35 Ga to ~1.40 Ga).  Unlike in the Resting Spring 
Range, the Zabriskie Quartzite from the southern Nopah Range is nearly void of grains 
older than ~1.40 Ga. 
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  The next youngest zircon-yielding units analyzed are the Ordovician Eureka 
Quartzite and Devonian Nevada Formation from the northwest Spring Mountains.  Both 
Ordovician samples yield zircon populations quite distinct from previous populations, 
being nearly void of zircon younger than 1.70 Ga, with distinct peaks at ~1.80 Ga and 
~2.05 Ga, along with a smattering of grains between ~2.20 Ga and ~2.70 Ga.  These data 
support previous interpretations that suggest that quartz-rich sands originated from Early 
Proterozoic and Archean cratonal provinces of the Peace River arch region in 
northwestern Canada, and were transported by longshore currents to the south along the 
Cordilleran margin (Poole et al., 1992; Smith and Gehrels, 1994; Gehrels and Dickinson, 
1995).  Samples from the Nevada Formation instead yielded no zircon older than 1.75 
Ga, with distinct clusters at ~1.05 Ga to ~1.10 Ga, ~1.30 Ga to ~1.40 Ga, and ~1.65 Ga, 
similar to pre-Wood Canyon strata analyzed in the southern Nopah and Resting Spring 
ranges.  This age distribution is consistent with interpretations of sediment derivation 
from cratonal rocks exposed by the Transcontinental Arch of the southwestern United 
States (Gehrels and Dickinson, 1995; Gehrels et al., 2011).  
 
40Ar/39Ar results 
 K-bearing feldspar and mica, concentrated from multiple samples of Precambrian 
gneiss collected near the deepest and highest structural levels of exposed 
Paleoproterozoic basement in the southern Nopah Range, were analyzed using the 
40Ar/39Ar step heating method. Age uncertainties are reported as 1σ.  K-feldspar separates 
from two samples (NR-10A & NR-10B), collected from deeper structural levels of 
Precambrian basement, overall yielded convex-up shaped age spectra (Fig. 2.21a & b). 
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 Age spectra show anomalously old ages in the first low temperature steps (~5-10 
cumulative % 39Ar gas released) associated with spikes in Ca/K ratios, before 
precipitously falling to ~105 Ma, then gradually climbing to ~315 Ma before melting at 
the highest temperature steps.  Total gas ages from the two sample separates are 280.8 ± 
0.6 Ma (NR-10A) and 290.2 ± 0.6 Ma (NR-10B).  Multi-diffusional domain models 
following the methods of Lovera (1992), assuming monotonic cooling and assigning five 
diffusional domains, were unable to statistically fit model-generated age spectra with 
laboratory age spectra, thus meaningful cooling histories for these samples were not 
attained. A Cretaceous 40Ar/39Ar age determination on muscovite indicates that the 
inability to extract thermal histories from these data is due to incorporation of excess 
argon in K-feldspar, probably in the large diffusion domains (e.g., Foster et al., 1989). A 
muscovite separate from sample NR-10A yielded an age spectrum with ages that 
gradually increase from 93.0 ± 1.1 Ma to 105.4 ± 1.1 Ma, with a weighted mean age of 
99.7 ± 0.3 Ma over ~95.5% of the cumulative 39Ar gas released (steps 1-15 of 19 total 
steps), before climbing to 375.7 ± 3.7 Ma in the remaining high temperature steps (Fig. 
2.21c).  The total gas age is 102.1 ± 0.6 Ma, consistent with the mid-Cretaceous cooling 
observed in ZHe data from the southern Nopah Range.  Biotite provided by the second 
sample (NR-10B) yielded a relatively flat age spectrum with ages between 203.9 ± 1.5 
Ma to 219.2 ± 1.6 Ma for ~73 cumulative % 39Ar released (steps 2-10), before climbing 
to ~341.8 ± 2.5 Ma in the remaining high temperature steps (Fig. 2.21d).  Only the lowest 
temperature step yielded an age younger than 200 Ma (152.1 ± 1.41 Ma) for the first 
~20% 39Ar released.  Overall, the sample overall yielded a total gas age of 201.4 ± 0.9 
Ma, inconsistent with mid-Cretaceous cooling in the Nopah Range.  Considering that the 
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 closure temperature of the 40Ar/39Ar isotopic system in biotite is lower than for muscovite 
40Ar/39Ar (e.g., Kelley, 2002), cooling ages in biotite would be expected to be younger 
than in muscovite, suggesting that excess Ar contamination was significant in the biotite 
sample.  Biotite separates from two samples from the highest structural levels of 
Precambrian gneiss (NR-11A & NR-11B) yielded disturbed age spectra indicating 
complex Ar behavior, possibly indicating a mixture of analyzed phases or excess Ar (Fig. 
2.22a & b).  All individual step ages from both analyses are older than 400 Ma, and total 
gas ages are 886.3 ± 3.0 Ma (NR-11A) and 722.7 ± 2.7 Ma (NR-11B), also likely 
resulting from excess Ar contamination.  
 
Discussion 
Mechanisms for cooling in contractional settings 
 Cooling of the upper crust in contractional settings may be attributed to a number 
of tectonic processes, including mechanisms invoking top down cooling, and mechanisms 
of bottom up cooling. Bottom up cooling include refrigeration due to flat slab subduction, 
and thermal relaxation following heating by plutonic bodies or asthenospheric mantle 
during delamination.  Top down cooling mechanisms include enhanced erosion leading to 
exhumation caused by the uplift of footwalls during synconvergent normal faulting or 
hanging walls up thrust ramps during compression, as well as gravity-driven fluid flow 
due to thrust loading.  Cooling mechanisms are briefly discussed below. 
Refrigeration from flat slab subduction 
 Flat slab subduction of the Farallon plate is considered by some to have caused 
refrigeration of the western margin of North American lithosphere during the Laramide 
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 orogeny (e.g., Dumitru et al., 1991).  During shallow subduction, the relatively cool 
subducting Farallon slab would have displaced hotter asthenospheric mantle, thus altering 
the thermal structure of the lithosphere in the western Cordillera.  The lowering of the 
slab dip and consequent restriction of mantle circulation in the mantle wedge is attributed 
to the cessation of arc magmatism and lowering of geothermal gradients starting at ~80 
Ma, following a ~40 m.y. period of intense magmatic activity in the Sierran arc while the 
slab was subducting at a higher angle (Dumitru, 1990; English et al., 2003). The timing 
of this refrigeration event does not coincide with either the Late Jurassic or mid-
Cretaceous cooling events recorded by the data from this study, and instead occurred ~20 
m.y. after the documented mid-Cretaceous cooling event, when arc magmatism and 
deformation shifted eastward towards the Laramide province.   
Shallow slab subduction beneath the Death Valley region in the Late Jurassic 
through Late Cretaceous is incompatible with the history of arc plutonism in the area. 
Fission track data from the southern Sierra Nevada suggest that the top of the shallow 
subducting slab during the Laramide event was most likely between ~35 km and ~50 km 
depth (Dumitru, 1990). Voluminous arc magmatism requires dehydration of a subducting 
slab into hot asthenospheric mantle at depths between 60 km and 120 km, (Schmidt and 
Poli, 1998; English et al., 2003), and is inconsistent with concurrent shallowing of a 
subducting slab.   Arc magmatism in the Sierra Nevada arc was active over a quasi-
continuous period beginning in the early Triassic to the Late Cretaceous, with high-flux 
events between the periods of ~165-145 Ma in the Late Jurassic and ~100-85 Ma in the 
Late Cretaceous, overlapping both cooling events from this study (Glazner, 1991; 
DeCelles et al., 2009; Cecil et al., 2012). Some have suggested that the Late Cretaceous 
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 magmatic flare-up from ~100-85 Ma in the Mojave Desert region resulted from 
underplating and partial melting of trench sediments during initial slab shallowing (e.g., 
Chapman et al., 2013).  This process would be expected to raise geothermal gradients and 
would need to be reconciled with refrigeration-induced cooling in the Wheeler Pass thrust 
sheet at ~98 Ma.  Additionally, evidence for local crustal melting in the Funeral and 
Panamint Mountains (e.g., Applegate et al., 1992; Wells and Hoisch, 2008) suggests 
raised geothermal gradients were sustained into the Late Cretaceous and Paleogene, and 
argues against refrigeration as a cooling mechanism in the Death Valley region. 
Post-magmatic cooling 
 Advection of heat by intrusion is an efficient mechanism to heat the crust and 
raise the geothermal gradient (e.g., Barton and Hanson, 1989).  Post-magmatic relaxation 
of isotherms may also be considered a potential candidate for the observed cooling 
signatures, considering the proximity of the study area to an active Late Jurassic and mid-
Cretaceous magmatic arc.  Although the arc was active during both recorded cooling 
events, no Late Jurassic or mid-Cretaceous igneous rocks are present within any of the 
study areas.  Documented regional plutonism is either of the wrong age, or considered too 
far from the study areas (> 30 km), to have caused significant post-magmatic cooling at 
the times of documented cooling of the Wheeler Pass thrust sheet.  The closest Mesozoic 
plutons of considerable size occur south and west of the study area in the following 
locations (from northwest to southeast): southern Panamint Range (~153-140 Ma), 
Owlshead Mountains (~95 Ma); Avawatz Mountains (~179 Ma); Shadow and Soda 
Mountains (~97 Ma); Clark Mountains vicinity (~145 Ma; ~97-93 Ma); and New York 
Mountains (~97-93 Ma) (Snow, 1992; Walker et al., 1995; Andrew, 2009; Rämö et al., 
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 2002; Niemi et al., 2013).  Various plutons in the Black Mountains and Kingston Range 
are closer to the study area, but are Late Tertiary in age (Calzia et al., 1987; Holm, 1992).   
Moreover, the occurrence of smaller pegmatitic intrusions in the Funeral and Black 
mountains suggests the localized presence of an active magmatic body nearby in the 
subsurface, but their ages range from ~80 Ma to ~55 Ma (Applegate et al., 1992; Miller 
and Friedman, 1999; Mattinson et al., 2003), post-dating both cooling events recorded in 
the Wheeler Pass sheet.  Finally, if Late Cenozoic restorations of the Panamint Range and 
Black Mountains ~80 km to the southeast are correct (e.g., Stewart, 1983; Wernicke et 
al., 1988), that would place ~153 Ma plutonic rocks from the southern Panamint Range 
adjacent to the southern Nopah Range section of the Wheeler Pass thrust sheet.  Post-
magmatic cooling could potentially explain Late Jurassic cooling in the southern Nopah 
Range, although the Late Jurassic-Early Cretaceous pluton would have intruded over 20 
km from the Resting Spring section and over 30 km from the Spring Mountain section, 
too far for post-magmatic cooling to be considered across the entire Wheeler Pass sheet. 
Cooling associated with mantle delamination 
 The over-thickening of continental crust in convergent belts can produce 
gravitational instabilities that eventually lead to the convective removal of dense lower 
lithosphere (e.g., Zandt et al., 2004; Wells and Hoisch, 2008).  Isostatic responses of the 
crust to mantle delamination result in uplift, synconvergent extension, and heating in 
lower crustal levels, as the foundered lithospheric root is replaced by less dense, hotter 
asthenospheric mantle (Houseman et al., 1981; England, 1993; Platt and England, 1993).  
Cooling in the upper crust may accompany exhumation during synconvergent extension, 
or result from post-delamination thermal relaxation following asthenospheric heating.   
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 Evidence for syn-convergent extension in the Sevier, associated with mantle 
delamination in the Late Cretaceous and Paleogene, was previously documented in the 
Raft River – Grouse Creek – Albion Mountains in northwestern Utah and southwestern 
Idaho (Wells et al., 1998; 2008; 2012), the southern Egan Range in central Nevada 
(Druschke et al., 2009a; 2009b; Long, 2012), as well as in the Funeral and New York 
Mountains in the southern Sevier (Wells et al., 2005; Wells and Hoisch, 2008).  If either 
exhumation during, or thermal relaxation following, delamination caused cooling in the 
Wheeler Pass sheet, one would expect to find features consistent with delamination 
tectonics including extensional structures and magmatic rocks of appropriate ages in the 
study area.  Observed normal faults in the study area that modified previous Mesozoic 
contractional structures (1) involve Tertiary rocks, and thus were active during Basin and 
Range development in the Cenozoic (Burchfiel et al., 1974; Burchfiel et al., 1983; 
Wernicke et al., 1988; Snow and Wernicke, 2000) or (2) were active locally within the 
Keystone and Red Springs-Wilson Cliffs-Contact thrust systems during the mid 
Cretaceous (Carr, 1983; Burchfiel et al., 1997). Although evidence for mid-Cretaceous 
high-angle normal faulting in the eastern Spring Mountains implies that cooling from 
delamination-related exhumation at ~98 Ma may not be entirely dismissed, the lack of 
similar extensional structures of Mesozoic-age in the immediate study area renders this 
possibility as unlikely.  Additionally, while evidence for anatexis and crustal melting in 
the Funeral Mountains and Panamint Range suggests that delamination-induced heating 
may have occurred locally in the Late Cretaceous (e.g., Wells and Hoisch, 2008), there 
are no signs of anatexis, high K2O melts, high-T metamorphism nor metasomatism in the 
immediate study areas to indicate cooling by post-delamination thermal relaxation.   
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 Gravity-driven fluid flow 
 Gravity-driven fluid flow can cause changes in heat flow and abrupt cooling in 
the foreland of uplifting thrust sheets (Burtner and Nigrini, 1994).  Surface breaking 
thrust faults create zones of recharge, which permit the infiltration of meteoric fluids into 
the upper crust, depressing isotherms in the immediate foreland and shifting heat flow 
towards the distal end of the basin.  Subsequent breaking of new thrust faults in the 
foreland causes a shift in the locus of meteoric recharge in the direction of propagation, 
cooling rocks that previously underwent high heat flow.  In the Idaho-Wyoming thrust 
belt, gravity-driven fluid flow induced by Early Cretaceous thrust loading of the Willard 
sheet cooled foreland strata below the temperature for annealing of fission tracks in 
apatite, which could not have cooled due to thrust-induced exhumation and erosion 
(Burtner and Nigrini, 1994). Similar cooling of rocks in the Wheeler Pass sheet would 
require Late Jurassic and mid-Cretaceous thrust loading west of the Spring Mountains, 
Resting Spring Range, and Nopah ranges, which is incompatible with current timing 
constraints on the thrust belts in Death Valley thrust belt.  Structural relations in the 
Cottonwood Mountains show that the Lemoigne-Clery thrusts, Marble Canyon-Schwaub 
Peak thrusts, and thrusts correlative to the Last Chance thrust, cut or deformed strata as 
young as Late Permian, and predate Mid Triassic and Mid Jurassic igneous intrusions, 
suggesting that these thrusts were active in Permian and Triassic times (Snow, 1992; 
Snow and Wernicke, 2000).  Therefore, cooling by gravity-driven flow of meteoric fluids 
is not considered a viable cooling mechanism in the Late Jurassic and mid Cretaceous. 
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 Thrust-induced uplift and exhumational cooling 
 After careful consideration of all the mechanisms that could potentially induce 
cooling, both the Late Jurassic and mid-Cretaceous cooling events are considered to be 
the direct result of erosion and exhumation due to thrust uplift along fault ramps.  
Acquired ZHe ages, variations in ZHe with structural depths, and exhumation-cooling 
histories generated by inverse time-temperature models indicate that the Wheeler Pass 
thrust sheet underwent moderate cooling during two separate tectonic events in the Late 
Jurassic (~158 Ma to ~145 Ma) and the mid Cretaceous (~98 Ma to ~85 Ma). 
Exhumation and cooling curves generated by HeMP models present apparent exhumation 
rates on the order of 10-1 km/m.y. (Figs. 2.9 & 2.15) and cooling rates between ~5 
°C/m.y. and ~20 °C/m.y. (Figs. 2.11 & 2.16), which fall within the range of exhumation 
and cooling rates found for fold-thrust belts worldwide.  For example: ~0.1-0.4 km/m.y. 
and ~3-10 °C/m.y. for the Alice Springs orogen, Central Australia (Shaw et al., 1992); 
~0.2-0.9 km/m.y. and ~2-3 °C/m.y. up to ~15-20 °C/m.y. in highly active parts orogenic 
belts such as the Longmen Shan thrust belt, eastern Tibet (Li et al., 2012); ~0.1-0.4 
km/m.y. for the Andean thrust belt, Patagonian Andes (Fosdick et al., 2013); ~0.2-0.4 
km/m.y. for the south Pyrenean fold-thrust belt, northern Spain (Filleaudeau et al., 2012); 
and ~0.3-1.2 km/m.y., locally up to ~4 km/m.y., where glacial erosion likely influenced 
denudational processes in the Yakutat thrust belt, southern Alaska (Spotilla et al., 2006). 
ZHe age interpretations and tectonic implications 
 New ZHe thermochronologic data from the Wheeler Pass thrust sheet help resolve 
the complex exhumation history of the Wheeler Pass thrust sheet and its role in 
construction and evolution of the southern SFTB during Mesozoic back-arc shortening.  
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 Cooling in the Late Jurassic is recorded in Late Precambrian through Devonian strata in 
the northwest Spring Mountain (Figs. 2.9 & 2.11). Late Jurassic cooling is not observed 
in the Wheeler Pass sheet of the southern Nopah Range (Fig. 2.6). This most likely is due 
to our inability to sample the ZHe cooling age profile from the appropriate stratigraphic 
interval to record this history.  We predict that rocks younger than Early Cambrian – not 
currently exposed in the southern Nopah Range – would record this older cooling history 
(Figs. 2.15 & 2.16).  Moderate cooling in the mid Cretaceous was limited to the deeper 
section exposed in the southern Nopah Range, while the Wheeler Pass sheet exposed in 
the northwest Spring Mountains resided at shallower crustal levels and recorded the 
development of a ZHe PRZ at this time.  These discrepancies are viewed as functions of 
several contributing factors (discussed below) including: (1) differences in the relative 
paleodepths between the northwest Spring Mountains and Nopah Range; (2) differing 
styles of thrusting associated with changes in the relative position of the Wheeler Pass 
frontal ramp with respect to the passive margin; and (3) presence of a lateral ramp in the 
Wheeler Pass thrust between the northwest Spring Mountains and the Nopah Range. 
Late Jurassic cooling of the Wheeler Pass thrust sheet 
 ZHe ages from stratigraphic levels above the Stirling Quartzite in the northwest 
Spring Mountains record Late Jurassic cooling due to erosional exhumation of the 
Wheeler Pass sheet as it was translated over the Wheeler Pass ramp from ca. 158 Ma to 
ca. 145 Ma (Figs. 2.9 & 2.11).  Late Jurassic exhumation is supported by the ca. 150 Ma 
composite weighted mean ZHe age from the Wood Canyon Formation samples at the top 
of the Resting Springs transect (Figs. 2.18 & 2.19). These rocks probably lie near the top 
of the ZHe PRZ, similar to the Wood Canyon samples from the northwest Spring 
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 Mountains, which record a younger composite weighted mean ZHe age of ~141 Ma (Fig. 
2.10).  Late Jurassic cooling recorded to deeper stratigraphic levels in the Resting Spring 
Range suggests that depths of equivalent stratigraphic horizons were shallower in the 
Resting Spring Range, exhumation was greater to the south, geothermal gradients were 
higher in the north, or some combination of the three.   
It is uncertain whether the southern Nopah Range section underwent 
exhumational cooling during the same Late Jurassic event, which was recorded in post-
Cambrian strata from the northwest Spring Mountains that are not preserved in surface 
exposures in the southern Nopah Range.  Two alternative explanations for the lack of a 
ZHe record of Late Jurassic cooling in the southern Nopah Range are considered: (1) the 
thrust sheet in the southern Nopah Range underwent mainly horizontal translation along a 
flat of the Wheeler Pass thrust, while the northwest Spring Mountains section underwent 
displacement up the Wheeler Pass thrust frontal ramp, or (2) the sampled section from the 
southern Nopah Range section remained below the ZHe PRZ after undergoing 
displacement up the Wheeler Pass thrust ramp.   
 Structural and stratigraphic evidence documented by previous authors, in 
conjunction with thermochronologic observations from this study, show that it is highly 
unlikely that the southern Nopah Range was translated horizontally along a flat while the 
northwest Spring Mountain section underwent uplift along the Wheeler Pass thrust ramp.   
Rocks from the same Late Precambrian to Early Cambrian strata from both crustal 
sections recorded simultaneous slow cooling and ZHe PRZ formation throughout the 
Early Cretaceous by ca. 145-140 Ma, indicating that these stratigraphic intervals were at 
about the same temperatures (and inferred depths) in both ranges by the end of the Late 
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 Jurassic (Figs. 2.9, 2.11, 2.15 & 2.16).  If strata from the northwest Spring Mountains 
underwent ~6 km of uplift in the Late Jurassic (Burchfiel et al., 1974; Snow and 
Wernicke, 2000), relative to the southern Nopah Range stratigraphy, then Late 
Precambrian and Early Cambrian rocks from both ranges could not have been at similar 
temperatures by ~140 Ma.   Assuming pre-thrust differences in paleodepths reflect only 
paleogeographic and stratigraphic thicknesses variations in the sedimentary wedge, and 
considering the lack of structural evidence to suggest otherwise, it is considered highly 
unlikely that the two sections underwent significant differential uplift during the Late 
Jurassic thrusting event. 
 A more likely alternative is that the southern Nopah Range, despite being 
exhumed in the Late Jurassic during thrust uplift, lacks the Late Jurassic ZHe cooling 
signal recorded in the Spring Mountains simply because the two outcrop areas expose 
different crustal levels of the Wheeler Pass thrust sheet. The Nopah Range section 
includes ~3.6 km of rocks below the stratigraphically lowest zircon sample in the Spring 
Mountains, while the Spring Mountains sample transect extends ~3.0 km stratigraphically 
higher than the top of the sampled Nopah Range section.  Furthermore, rocks from the 
lower Wood Canyon Formation and Stirling Quartzite intervals from both sections record 
slow cooling and Early Cretaceous development of a ZHe PRZ from ~140 Ma to ~98 Ma  
(Figs. 2.9, 2.11, 2.15 & 2.16), indicating that both sections underwent similar thermal 
histories for ~40 m.y.  It is inferred that the Nopah Range also underwent cooling in the 
Late Jurassic, and that the exposed depth interval preserved within the thrust sheet did not 
capture this cooling signature with the ZHe thermochronometer.  Additional 40Ar/39Ar 
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 analyses of muscovite from the top of the crystalline basement are being pursued to help 
to confirm this interpretation.  
Regional implications of Late Jurassic deformation 
 The new ZHe data provide better age resolution of crustal shortening in the 
southern SFTB, where the convergence of temporally distinct belts of deformation clouds 
their distinction.  Initial thrust motion by ca. 158-145 Ma along the Wheeler Pass thrust is 
consistent with previous interpretations of a terminal age for motion of ~147 ± 7 Ma for 
the Pachalka thrust in the Clark Mountains (Walker et al., 1995), supporting the prior 
correlation of these thrusts (Wernicke et al., 1988).   Timing of motion along these faults 
also coincides with deformation along in the East Sierran thrust system (Dunne and 
Walker, 2005).  The timing also is consistent with age constraints for crustal thickening 
in the Funeral Mountains (Beyene et al., 2009; Wells et al., 2011; Hoisch et al., in 
review). Mid Jurassic shortening along the East Sierran thrust system was focused in 
crust weakened by the Sierran arc, and deformation was most intense next to the batholith 
(Dunne and Walker, 2005).  Thrust faults that were rooted beneath the eastern margin of 
the Sierran arc, likely continued eastward into the pre-extensional Death Valley region as 
far as the northeast Mojave Desert (Applegate and Hodges, 1995; Dunne and Walker, 
2005).  The East Sierran thrust system subsequently took up Late Jurassic shortening 
synchronous with crustal thickening in the Funeral Mountains, and thrust faulting in the 
Spring Mountain block and the Clark Mountains. Late Jurassic deformation therefore 
reached across the Mojave section of the southern SFTB, and was concurrent with 
contractional deformation in the foothills of the Sierra Nevada, thrust faulting in the 
Klamath Mountains province, and high grade metamorphism in the Franciscan 
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 assemblage, prescribed to the classic Nevadan orogeny at ~155 ± 5 Ma (Schweickert, 
1984; Mattinson, 1988; Wright and Fahan, 1988; Shervais et al., 2005).  Some argue that 
deformation assigned to the Nevadan event was protracted, initiating before 165 Ma and 
lasting into the Tithonian or younger (e.g., Wright and Fahan, 1988; Edelman and Sharp, 
1989; Hacker et al., 1995).  The tectonic mechanism associated with the elusive Nevadan 
orogenic event is still widely debated, as a number of collisional and non-collisional 
scenarios have been proposed including: collision between an east-facing intraoceanic arc 
complex and the west-facing continental margin arc-trench system (e.g., Schweickert et 
al., 1984; Ingersoll and Schweickert, 1986; Dickinson, 2008), collision and initial 
subduction of a spreading ridge (e.g., Shervais et al., 2005), large-scale changes in 
relative plate motions and convergence rates between the North American and proto-
Pacfic plates (e.g., Wright and Fahan, 1988; Hacker et al., 1995), and termination and 
initiation of subduction during polarity reversal (e.g., Wakabayashi et al., 2010).  
Regardless of the mechanism, stresses associated with the tectonic event were transmitted 
through the Sierra Nevada batholith and caused significant shortening deformation in the 
Mojave crust, including the displacement of the Wheeler Pass sheet up thrust ramps. 
Correlations with other belts of shortening 
 Recognition of a Late Jurassic age for the Wheeler Pass thrust has implications 
for proposed correlations of western thrusts in the SFTB.  Correlation of the Wheeler 
Pass thrust across the Las Vegas Valley Shear Zone with the Gass Peak thrust is widely 
accepted (Fig. 2.2) based upon similarities in stratigraphic relationships, fault geometries, 
and the spacing of major thrust faults on either side of the shear zone (Armstrong, 1968; 
Guth, 1981).  It is debated whether the Wheeler Pass/Gass Peak thrust continues into 
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 southern and central Utah, following the main northeastern trend of the SFTB (e.g., 
Armstrong, 1968; Fleck, 1970; Royse, 1993), or otherwise continues northwards into the 
Central Nevada thrust belt (e.g., Taylor et al., 2000; Long, 2012) (Fig. 2.1). 
 Thrust sheets that, similar to the Wheeler Pass/Gass Peak thrust, carry thick 
sections of Neoproterozoic to Early Cambrian quartzite along the western SFTB in 
southwest and north-central Utah, include the Wah Wah thrust, Canyon Range thrust, 
Sheeprock thrust, and the Paris-Willard thrust (Armstrong, 1968; DeCelles, 2004).  
Motion along the Canyon Range thrust sheet is recorded by the deposition of synorogenic 
conglomerates from the Cedar Mountain Formation, which is palynologically dated to 
late Neocomian-Aptian (DeCelles et al., 1995), although some suggest that the 
conglomerate is more closely correlative to the Upper Jurassic Morrison Formation 
(Currie, 2002).  Furthermore, thermochronologic evidence suggests that initial 
displacement of the Canyon Range thrust may be latest Jurassic at ~145 Ma (Ketcham et 
al., 1996; Currie, 2002; DeCelles and Coogan, 2006).  The Wah Wah thrust in 
southwestern Utah occurs along strike of the Canyon Range thrust, and is considered to 
be its southern correlative (Friedrich and Bartley, 2003).  Farther northeast, the age of 
motion of the Sheeprock thrust from the Nebo-Charleston sector is not directly known 
due to the lack of radiometric ages from synorogenic deposits, although indirect evidence 
from crosscutting relations suggests that initial thrusting was Aptian (Mukul and Mitra, 
1998). Initial movement along the Willard-Paris thrusts from the western section of the 
northern Utah sector was recorded by the upper member of the Ephraim conglomerate in 
the Gannett group (Wiltschiko and Dorr, 1983), which contains index fossils of Aptian 
age (Heller et al., 1986).  Thermochronologic evidence presented by this study 
54
 demonstrates that initial motion by ~158 Ma along the Wheeler Pass thrust precedes 
motion on the other quartzite-dominant thrust faults by up to 30 m.y., and that thrusting 
terminated and slow cooling of the Wheeler Pass sheet ensued by ca. 145-140 Ma, prior 
to initial thrusting along the quartzite-dominant thrusts to the northeast.  These 
observations cast doubt upon the linkage between the Wheeler Pass/Gass Peak thrusts 
and the other western quartzite-dominant thrusts of the SFTB, and lend merit to the 
suggestion that the shortening manifest by the Wheeler Pass/Gass Peak thrust is 
accommodated northward in east-central Nevada.   
 Correlation of the Wheeler Pass/Gass Peak thrust with thrusts of the Central 
Nevada thrust belt was proposed by Taylor et al. (2000) based upon general geologic map 
and geometric relationships, and is further supported by paleogeologic maps and 
exhumation patterns generated by Long (2012).  Three main fault systems that extend 
northwards from the Sheep Range into east central Nevada, including the Pahranagat, Mt. 
Irish, and Golden Gate thrusts, display similar structural and stratigraphic to those of the 
Gass Peak thrust (Armstrong and Bartley, 1993; Taylor et al., 2000).  All of these 
systems placed hanging-wall anticlines cored by Lower Paleozoic rocks, upon footwall 
synclines comprised of Upper Paleozoic rocks.  Stratigraphic separation along these 
faults decreases progressively northwards from the Gass Peak thrust (Neoproterozoic 
over Pennsylvanian) to the Pahranagat (Upper Cambrian over Devonian), Mt. Irish 
(uppermost Cambrian or lowermost Ordovician over Mississippian) and Golden Gate 
thrusts (Ordovician over Mississippian), until the tip line is reached in the Golden Gate 
Range, marking the termination of this section of the thrust belt  (Armstrong and Bartley, 
1993; Taylor et al., 2000).   Paleogeologic map patterns of exposures below a regional 
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 Paleogene unconformity, immediately north of the Las Vegas and Sheep ranges, reveal 
that Cambrian and Ordovician rocks to the west are juxtaposed against Devonian to 
Pennsylvanian rocks to the east, which is interpreted to show Tertiary concealment of the 
trace of a thrust fault that connects the Gass Peak and Pahranagat thrusts (Long, 2012).  
These exposures occur to the southeast of the Pahranagat thrust, which is consistent with 
a left-lateral sense of offset between the Pahranagat and Gass Peak thrusts, as inferred by 
Taylor et al. (2000).  Exhumation patterns northward along strike of the Gass Peak thrust 
further support structural linkage between the southern SFTB and the Central Nevada 
thrust belt, and such correlations imply that at least a component of slip along these major 
thrusts was transferred to the thrust belts of central Nevada (Taylor et al., 2000; Long, 
2012).  The timing of shortening in the Central Nevada thrust belt is poorly constrained to 
between Pennsylvanian and Late Cretaceous by ages of the youngest strata involved in 
thrusting, and crosscutting post-tectonic intrusions (Taylor et al., 1993; Taylor et al., 
2000).  Late Jurassic shortening is compatible with these broad time constraints, and 
would explain Late Jurassic metamorphism observed in core complexes located in central 
Nevada (Armstrong, 1982; Hudec, 1992), along with the formation of Early Cretaceous 
synorogenic and structural basins in east-central Nevada that contain clasts derived from 
nearby contractional structures, suggesting that deposition was coeval with deformation 
(Vandervoort and Schmidt, 1990; Druschke et al., 2011). 
Mid-Cretaceous cooling of the Wheeler Pass thrust sheet 
 By ca. 98 Ma, the basement and deepest supracrustal rocks in the southern Nopah 
Range underwent moderate cooling due to rock uplift and erosion (Figs. 2.15 & 2.16), 
while the northwest Spring Mountains continued to experience slow cooling, and implied 
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 slow erosional exhumation, during development of a ZHe PRZ throughout the remainder 
of the Cretaceous (Figs. 2.9 & 2.11).  The timing of this mid-Cretaceous cooling event is 
synchronous with thrust faulting in the frontal section of the SFTB to the east along the 
Keystone and Red Springs-Wilson Cliffs-Contact thrusts (Fig. 2.2) (Fleck et al., 1994; 
Fleck and Carr, 1990).  Unlike the Late Jurassic event, differences in the relative 
paleodepth of the sampled sections between the northwest Spring Mountains and the 
southern Nopah Range cannot explain the absence of a distinct mid-Cretaceous cooling 
event as evident in the ZHe thermochronology of the northwest Spring Mountain section, 
considering that ZHe ages from the deepest samples record slow cooling continuously 
from the Late Jurassic through the Late Cretaceous.  Additionally, ZHe ages recorded by 
rocks from the lower Stirling Quartzite and Johnnie Formation near Johnnie Mine in the 
northwest Spring Mountains indicate that slow cooling of Neoproterozoic strata 
terminated at ca. 50 Ma (T. Bidgoli, personal communication).  Therefore, an alternative 
structural explanation must account for the differences in thermal histories that 
characterize these two sections of the Wheeler Pass sheet in the mid Cretaceous. 
 Observed differences in mid-Cretaceous ZHe cooling histories between the 
northwest Spring Mountains and southern Nopah Range are best explained by differences 
in the style of forward propagation of the thrust belt in mid-Cretaceous time.  The north-
south striking Wheeler Pass thrust originally cut obliquely across the northwest-
thickening sedimentary wedge of the passive margin.  As a result, the position of the 
Wheeler Pass frontal ramp varied along strike with respect to the craton-ward limit of 
Neoproterozoic strata (Picha and Gibson, 1985; DeCelles, 2004; Dickinson, 2004).  
Renewed shortening in the mid Cretaceous caused the breakout and forward propagation 
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 of new thrust faults into the footwall ramp to the Wheeler Pass thrust, and the geometry 
of thrust propagation varied between the Spring Mountains and Nopah Range, responding 
to differences in the architecture of the sedimentary basin (Fig. 2.23).   
Towards the north in the Spring Mountains, the frontal ramp originally cut 
upwards through a thick section of the sedimentary wedge from a décollement in 
Neoproterozoic strata.  As a consequence, the Wheeler Pass footwall ramp mainly 
consisted of layered Neoproterozoic to Paleozoic sedimentary rocks, which promoted 
stratigraphic control on forward-breaking faults, and facilitated the development of 
décollement-style thrusts. Thrusts probably utilized stratigraphic weaknesses in 
Neoproterozoic strata before slip was eventually transferred to the Bonanza King 
Formation, where a regional décollement to the frontal thrusts formed (Fig. 2.23a & b) 
(Burchfiel et al., 1974).  As a result, the Wheeler Pass sheet underwent mainly passive 
horizontal translation during mid-Cretaceous thrust faulting, and underwent minimal 
erosion, exhumation and cooling (Fig. 2.23c).  Slow cooling and development of the ZHe 
PRZ in the Wheeler Pass sheet continued throughout the mid Cretaceous (Figs. 2.9 & 
2.11), while uplift occurred ~25 km to the east along ramps in the Red Springs-Wilson 
Cliffs and Keystone thrusts (Carr, 1983; Burchfiel et al., 1997).   
As the Wheeler Pass thrust approached the craton towards the southeast, the 
frontal ramp cut through increasingly thinner sections of the sedimentary wedge and into 
older rocks including the Pahrump Group and underlying crystalline basement rocks.  
Evidence in the southern Nopah Range for syn-depositional normal faulting, associated 
with thin exposures of uppermost Pahrump Group rocks resting upon crystalline 
basement, suggests that this area was at the margin of a Proterozoic rift basin (Wright and 
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 Troxel, 1966; Wright et al., 1974).  Pahrump Group strata thicken significantly towards 
the south and west, within which a décollement may have originally developed.  The 
abrupt northeastward thinning of Pahrump Group strata, and the buttressing of the 
propagating thrust against a step in the basement at the basin margin, resulted in the 
incorporation of crystalline basement rocks into the Wheeler Pass thrust sheet (Fig. 2.23d 
& e).  The footwall ramp, composed of a minimum of 2 km of crystalline basement 
rocks, and lacking the stratigraphic control for footwall imbrication similar to the north, 
led to development of a basement-cored duplex and passive uplift of the overlying 
Wheeler Pass sheet (Fig. 2.23f).  Uplift led to erosion and cooling with the initiation of 
moderate cooling rates by ca. 98 Ma (Figs. 2.15 & 2.16). 
Basement-rooted thrusts that passively uplifted structurally higher and older thrust 
sheets have also been documented elsewhere in western thrusts of the Sevier belt. 
Variations in basin geometries associated with salients and reentrants in rifted continental 
margins provide opportunities for the localization of stress and deformation in thrust 
sheets by buttressing basement highs, causing propagating thrust faults to cut across 
basement-cover contacts (Mitra, 1997; Hinsch et al., 2002).  The Wasatch anticlinorium 
in the Wasatch Range similarly formed above a basement-cored thrust duplex zone, 
where the Neoproterozoic basin architecture formed a basement promontory that 
impinged upon the propagating thrust sheet (Schirmer, 1988;Yonkee, 1992).  Footwall 
imbrication and duplex development in the basement produced the Wasatch 
anticlinorium, and passively uplifted the older and overlying Willard thrust sheet, while 
slip was transferred to the active Crawford, Absaroka, and Hogsback thrusts farther east 
in the thrust belt (Crittenden, 1972; Wiltschiko and Dorr, 1983; DeCelles, 1994).  Duplex 
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 faulting and growth of the Wasatch anticlinorium provided taper that drove foreland 
thrust systems, and exposed deeper structural levels of the overlying Willard sheet to 
erosion with renewed uplift, providing sediments to basins in the foreland ahead of the 
propagating frontal thrust systems (Yonkee, 1992).  Perhaps in a similar manner, as the 
Wheeler Pass sheet was passively uplifted above a basement duplex in the footwall, 
lower stratigraphic levels exposed due to erosion shed characteristic quartzite clasts to the 
foreland basin, manifest in quartzite clasts in the conglomerate of Brownstone Basin, 
during active faulting along the frontal thrusts at ca. 98 Ma.   
Inferred presence of lateral ramps 
 A similar transition between décollement and duplex-style thrust faulting is also 
observed within the eastern frontal thrusts in the eastern Spring Mountains.  In the Potosi 
Mountain-Wilson Cliffs area near Mountain Springs Pass, the north-south strike of the 
Keystone thrust makes an abrupt step to the west, south of the northwest-striking 
Cottonwood fault (Fig. 2.2) (Carr, 1983), indicating a significant change in thrust style 
across a major structural boundary, such as a lateral ramp.  Lateral ramps are common in 
thrust sheets that evolve near cratonal hinge zones (Schirmer, 1988; Kwon et al., 2007).  
To the north of the Cottonwood fault, the Keystone sheet is a structurally simple west-
dipping homocline that originated above a basal décollement in lower strata of the 
Bonanza King Formation (Burchfiel et al., 1997). The Keystone sheet propagated in-
sequence, younging to the east with respect to the older Wilson Cliffs thrust, according to 
interpretations of the subsurface geometries of the thrust ramps, despite the Keystone 
fault breaking the surface further west of the Red Spring-Wilson Cliffs-Contact thrust 
(Burchfiel et al., 1997).  Across the Cottonwood fault to the south, the surface trace of the 
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 Keystone thrust follows a sharp recess to the west, forming out-of-sequence with respect 
to older Contact and Potosi thrusts exposed to the east.  South of the Cottonwood fault, 
folds that formed within the Contact sheet during emplacement of the Contact thrust are 
also cut by the Keystone fault (Carr, 1983; Burchfiel et al., 1997).  Additionally, 
transverse folds in both the Keystone and Contact sheets indicate that an underlying 
transverse ramp structurally influenced the emplacement of the Keystone sheet (Carr, 
1983).    
The abrupt shift in thrust behavior observed across the Cottonwood fault 
resembles the apparent change in the Wheeler Pass sheet and footwall between the 
northwest Spring Mountains and southern Nopah Range, where it is likely that a lateral 
ramp also structurally separates the two sections (Fig. 2.24).  Thrusts and contractional 
structures in the Goodsprings district lack the same consistent spatial and temporal 
pattern in contractional structures observed to the north of the Cottonwood fault (Carr, 
1983), echoing the structural shift inferred between the southern Nopah Range and 
Spring Mountain sections of the Wheeler Pass sheet. 
Cenozoic tectonic reconstructions and restoration of dextral displacement along 
the Stateline Fault Zone place the Mountain Springs Pass area and Cottonwood Fault east 
of, and intermediate between, the southern Nopah Range and northwestern Spring 
Mountain sections of the Wheeler Pass sheet (Wernicke et al., 1988; Snow and Wernicke, 
2000; Guest et al., 2008), supporting a tectonic linkage between the duplex at Mt. Potosi, 
basement involvement within the Wheeler Pass thrust sheet, and inferred mid-Cretaceous 
duplexing beneath the southern Nopah Range.  
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 Conclusions 
 Approximately 200 ZHe analyses from three sections of the Wheeler Pass thrust 
sheet allow resolution of two separate periods of shortening in the southern Sevier fold-
thrust belt of the Spring Mountains and vicinity.  A Late Jurassic cooling event at ca. 158 
to ca. 145 Ma is recorded along the western limb of the Wheeler syncline in the 
northwest Spring Mountains, interpreted to record exhumation as the Wheeler Pass thrust 
sheet was translated up a major ramp.  Mid-Cretaceous cooling of the Wheeler Pass 
thrust sheet at ca. 98 Ma to ca. 85 Ma, evident in the southern Nopah Range, is 
interpreted to represent cooling related to passive uplift of the Wheeler Pass thrust sheet 
during footwall imbrication and formation of a duplex at the former ramp in the Wheeler 
Pass thrust.  Mid-Cretaceous cooling was coeval with slip along the frontal thrusts 
including the Contact-Red Springs-Wilson Cliffs and Keystone thrusts.  
The north-south trending Wheeler Pass thrust cut obliquely across a northwest-
thickening sedimentary wedge, which influenced the ramp and flat locations along strike, 
and led to development of a major lateral ramp that cut into basement towards the south, 
between the northwestern Spring Mountains and the southern Nopah Range.  
Consequently, the stratigraphy of the Wheeler Pass footwall ramp varied between the 
Spring Mountains and Nopah Range, leading to different responses to mid-Cretaceous 
shortening along thrusts that eventually fed into the Keystone and Red Springs-Wilson 
Cliffs-Contact thrusts to the east.  The Spring Mountains frontal ramp originally may 
have formed within a thick part of the sedimentary wedge, and the Wheeler Pass sheet 
continued to cool slowly and did not record exhumational cooling as it was passively 
translated horizontally above décollement-style thrusts in the Wheeler Pass footwall.  In 
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 contrast, the Nopah Range frontal ramp originally formed within a thinner part of the 
sedimentary wedge closer to the continental hinge zone, and the Wheeler Pass sheet 
recorded exhumational cooling as it underwent passive vertical motion above basement-
cored thrust duplexes in the Wheeler Pass footwall.   
 The new data provides insights regarding correlations between the Wheeler Pass 
thrust and other regional thrust systems in the Sevier orogenic belt. Initial motion along 
the Wheeler Pass thrust by ca. 158 Ma pre-dates motion along similar quartzite-
dominated thrust sheets in central and northern Utah by up to 30 m.y., calling their 
correlation into question; rather, new age constraints support a northward continuation of 
the Wheeler Pass/Gass Peak thrusts into central Nevada instead. Late Jurassic shortening 
is consistent with proposed correlations of the Wheeler Pass thrust to the south with the 
Pachalka thrust in the Clark Mountains. Motion of the Wheeler Pass sheet in the Late 
Jurassic was coeval with deformation along the East Sierran thrust system and high-grade 
metamorphism associated with crustal thickening in the Funeral Mountains.  These 
events are considered to be local structural expressions of the tectonic event assigned to 
the classic Nevadan orogeny, responsible for Late Jurassic contractional deformation in 
the foothills of the Sierra Nevada and Klamath Mountain province. 
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Figure captions 
Figure 2.1. Simplified tectonic map of the western Cordilleran orogen (after DeCelles 
and Coogan, 2006) showing the location of the study area (inset; Fig. 2.2).  Labeled fault 
systems include the Central Nevada thrust belt (CNTB), East Sierran thrust system 
(ESTS), Luning-Fencemaker thrust belt (LFTB), and Sevier fold-thrust belt (SFTB). 
 
Figure 2.2. Regional map of southern Sevier thrust systems in the Mojave Desert 
showing the location study areas (insets; Figures 2.5, 2.6, & 2.7).  Labeled faults include 
the Cottonwood Fault (CF) Contact thrust (CT), Chicago Pass thrust (CPT), Gass Peak 
thrust (GPT), Keany-Mollusk Mine thrust (KMT), Keystone thrust (KT), Muddy 
Mountain thrust (MMT), Nopah Peak thrust (NPT), Pachalka thrust (PT), Red Springs 
thrust (RST), Wheeler Pass thrust (WPT), Wilson Cliffs thrust (WCT) and Winters Pass 
thrust (WT).  See Figure 2.1 for map location. Fault locations from Guth (1981), 
Burchfiel et al. (1983), Carr (1983), Walker et al. (1995), Burchfiel et al. (1997), and 
Rämö et al. (2002). 
 
Figure 2.3. Theoretical model showing development of ZHe age gradients with depth 
and illustrating development of ZHe Partial Retention Zone (PRZ).  
a. View of a crustal section at ~105 Ma, prior to a thrusting event at 100 Ma.  ZHe 
ages above the ZHe PRZ represent an earlier cooling event.  Zircons from the 
rock sample that originated below the PRZ (white dot) records “zero” ZHe ages at 
this time.   
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b. Modern view of the same crustal section after thrusting at 100 Ma.  As a result of 
thrust-induced rock uplift and erosion (exhumation), rocks migrated upwards 
relative to crustal isotherms and underwent cooling, preserving the pre-thrust ZHe 
age gradient (solid curve) and fossil PRZ.  In the time since the 100 Ma thrust 
event, a new ZHe age gradient developed (dotted curve), establishing a new 
(modern) PRZ (dark grey).  Cooling ages between the fossil and modern PRZ 
record the time passed since rocks that originated below pre-thrust ZHe PRZ 
(open dots) migrated upwards through the closure temperature (~180 °C). 
 
Figure 2.4. Semi-log plot of He concentration vs. effective alpha damage for all samples 
screened by U/Pb dating, previous to ZHe analysis (large circles).  Screened samples are 
outlined by a narrow envelope defined by a mean linear trend with a slope of ~5 x 1015, 
seen as an exponential curve in semi-log space (line a). The upper bounds of the envelope 
is approximately defined by another line (line b) which has a slope of ~1 x 1016.  Small 
dots represent remaining samples that were not prescreened, for which alpha damage was 
calculated by proxy using He concentration (Shuster et al., 2006) and the slopes of the 
same trend lines calculated from the screened samples. 
 
Figure 2.5. Simplified geologic map of the Wheeler Pass thrust and Wheeler syncline in 
the northwest Spring Mountains, Nevada (after Burchfiel et al., 1983, Abolins, 1999, and 
Page et al., 2005) showing sampled transects (thick dotted lines) and individual samples 
collected for ZHe analyses (solid circles). Black circles along western limb represent 
individual samples used in HeMP inverse time-temperature modeling. See Figure 2.8 for 
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cross section lines (A-A’, B-B’, C-C’) and Figure 2.12 for cross section lines (D-D’, E-
E’).  Geographic location of Wheeler Pass labeled as WP. 
 
Figure 2.6.  Simplified geologic map of the southern Nopah Range, California (modified 
after Wright, 1974) showing sampled transect (thick dotted line) and individual samples 
collected for ZHe analyses (solid circles). Dark circles represent individual samples used 
in HeMP inverse time-temperature modeling. Stars represent locations of samples 
collected for 40Ar/39Ar analyses. See Figure 2.14 for cross section line (F-F’).  
 
Figure 2.7. Simplified geologic map of the Resting Spring Range, California (modified 
after Burchfiel et al. (1983) showing sampled transect (thick dotted line) and individual 
samples collected for ZHe analyses (solid circles). See Figure 2.17 for cross section line 
(G-G’). 
 
Figure 2.8. Simplified composite geologic cross-section of the sample transects (A-A’, 
B-B’, C-C’) from the western limb of the Wheeler syncline. Solid circles represent 
individual sample locations, and associated mean ZHe ages.  Dark circles represent 
individual samples used in HeMP inverse time-temperature modeling.  Errors are 1σ 
standard deviation.  See Figure 2.5 for names of lithologic units. 
 
Figure 2.9.  Plot of ZHe age vs. relative paleodepth from samples collected from the 
western limb of the Wheeler syncline.  (a) Large circles represent sample mean ZHe ages.  
Thin horizontal error bars show 2σ standard deviation. Error in paleodepth calculations 
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correspond to ±10° from ideal 30° thrust ramp dip.  Exhumation curves (grey lines) 
generated from HeMP inverse time-temperature modeling using selected mean ZHe ages 
(dark circles). Thick horizontal bars represent errors used in HeMP modeling.  Modeling 
results record the onset of tectonic exhumation by ~158 Ma, followed by ZHe PRZ 
development in Neoproterozoic strata through to the Late Cretaceous. See Figure 2.5 for 
names of lithologic units. (b) Small circles represent sample ZHe ages of individual 
zircon grains (2σ standard error). 
 
Figure 2.10. Probability density curve and composite ZHe ages from the lower Wood 
Canyon Formation from the western limb of the Wheeler syncline in the northwest 
Spring Mountains.  Composite weighted mean age from five samples was calculated for 
14 of 16 zircon grains analyzed (filled boxes).  Rejected grains, not used in weighted 
mean calculation, are shown by empty boxes.  Box widths show 2σ standard error. 
 
Figure 2.11. HeMP cooling curves (solid grey lines) for the northwest Spring Mountain 
sample array (dark circles).  Dark black box encloses initial t-T constraints assigned to 
the depth interval of the stratigraphically shallowest sample.  Dotted grey lines bound the 
t-T space in which 100,000 randomly created thermal histories were modeled. 
 
Figure 2.12. Simplified composite geologic cross-sections of the sample transects (D-D’, 
E-E’) from north of Wheeler Pass. Solid circles represent individual sample locations and 
associated mean ZHe ages. Structural interpretations based on cross section from Page et 
al (2005). Errors are 1σ standard deviation. 
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Figure 2.13.  Plot of ZHe age vs. relative paleodepth from samples collected from the 
eastern limb of the Wheeler syncline in northwest Spring Mountains.  Circles represent 
samples collected north (light grey) and south (dark grey) of Wheeler Pass.  Small circles 
represent sample ZHe ages of individual grains (2σ standard error).  Large circles 
represent sample mean ZHe ages. Error in paleodepth calculations correspond to ±10° 
from ideal 30° thrust ramp dips. See Figure 2.5 for names of lithologic units. 
 
Figure 2.14. Simplified geologic cross-section for the composite sample transect from 
the southern Nopah Range. Solid circles represent individual sample locations and 
associated mean ZHe ages. Dark circles represent individual samples used in HeMP 
inverse time-temperature modeling.  Errors are 1σ standard deviation. Stars mark the 
location of samples analyzed by 40Ar/39Ar. Muscovite 40Ar/39Ar weighted mean age for 
~95.5% 39Ar released from sample NR-10A shown in box.  See Figure 6 for names of 
lithologic units. 
 
Figure 2.15.  Plot of ZHe age vs. relative paleodepth from samples collected from 
southern Nopah Range. (a) Large circles represent sample mean ZHe ages.  Thin 
horizontal error bars show 2σ standard deviation. Error in paleodepth calculations 
correspond to ±10° from ideal 30° thrust ramp dip.  Exhumation curves (grey lines) 
generated from HeMP inverse time-temperature modeling using selected mean ZHe ages 
(dark circles). Thick horizontal bars represent errors used in HeMP modeling.  Modeling 
results record ZHe PRZ development from ~150 Ma through the Early Cretaceous, 
followed by the onset of tectonic exhumation by ~98 Ma. See Figure 2.6 for names of 
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lithologic units.  (b) Small circles represent sample ZHe ages of individual zircon grains 
(2σ standard error). 
 
Figure 2.16. HeMP cooling curves (solid grey lines) for the southern Nopah Range 
sample array (dark circles). Dark black box encloses initial t-T constraints assigned to the 
depth interval of the stratigraphically shallowest sample before closing through the ZHe 
isotopic system. Dotted grey lines bound the t-T space in which 100,000 randomly 
created thermal histories were modeled.  
 
Figure 2.17. Simplified geologic cross-section for the sample transect from the Resting 
Spring Range. Solid circles represent individual sample locations, and associated mean 
ZHe ages.  Errors are 1σ standard deviation. See Figure 2.7 for names of lithologic units. 
 
Figure 2.18.  Plot of ZHe age vs. relative paleodepth from samples collected from the 
Resting Spring Range.  Small circles represent sample ZHe ages of individual grains (2σ 
standard error).  Large circles represent sample mean ZHe ages. Error in paleodepth 
calculations correspond to ±10° from ideal 30° thrust ramp inclines. See Figure 2.7 for 
names of lithologic units. 
 
Figure 2.19.  Probability density curve and composite ZHe ages from the upper Wood 
Canyon Formation and Zabriskie Quartzite from the Resting Spring Range (Figures 7 & 
17).  Composite weighted mean age from four samples was calculated for 14 of 17 zircon 
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grains (filled boxes).  Rejected grains, not used in weighted mean calculation, are shown 
by empty boxes.  Box widths show 2σ standard error. 
 
Figure 2.20.  Probability density plots of single-grain detrital zircon U/Pb ages for 
Neoproterozoic through Early Cambrian strata from the southern Nopah and Resting 
Spring Range, and Ordovician and Devonian strata from the northwest Spring Mountains.  
Only concordant to moderately discordant ages (< 15% discordance) are plotted. 
Simplified strat columns from the northwest Spring Mountains, Resting Spring and 
southern Nopah ranges are modified from Burchfiel et al., 1974, Burchfiel et al., 1983, 
and Wright and Troxel, 1966, respectively. 
 
Figure 2.21. The 40Ar/39Ar age spectra from the structurally deepest levels of crystalline 
basement exposed in the southern Nopah Range. (a) and (b), K-feldspar; (c) muscovite, 
and (d) biotite. Age uncertainties are reported as 1σ.  Box heights are 2σ. 
 
Figure 2.22. The 40Ar/39Ar age spectra of biotite (a) & (b) collected from upper levels of 
crystalline basement exposed in the southern Nopah Range. Age uncertainties are 
reported as 1σ.  Box heights are 2σ. 
 
Figure 2.23. Schematic cross sections showing the evolution of the Wheeler Pass 
hanging wall and footwall sections and sample transects (filled rectangles) relative to the 
cratonal hinge zone (HZ). Spring Mountains transect is from the western limb of the 
Wheeler syncline.  The ZHe PRZ is represented by dashed lines.  The dashed-dotted line 
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in the Nopah Range figures marks the 400 °C isotherm, which represents the approximate 
depth of closure through the muscovite 40Ar/39Ar isotopic system.     
a. The Wheeler Pass thrust ramp developed within a deeper part of the 
Neoproterozoic sedimentary wedge in the northwest Spring Mountains, far from 
the cratonal hinge zone (HZ). 
b. By ~145 Ma, uplift due to thrusting along the Wheeler Pass thrust ramp caused 
the uppermost samples from the Spring Mountains transect to pass through the 
ZHe PRZ and record closure in the ZHe isotopic system.  Deeper samples were 
arrested within the ZHe PRZ and underwent partial closure. 
c. By ~90 Ma, a new décollement extended into the Wheeler Pass footwall in the 
Spring Mountains, utilizing weak sedimentary strata, feeding into the foreland 
thrust system further east.  As a result, the Wheeler Pass sheet and associated 
footwall were passively translated nearly horizontally, such that the deeper 
samples from the transect remained within the ZHe PRZ and did not record 
exhumational cooling through the ZHe isotopic system at this time. 
d. In the southern Nopah Range, the Wheeler Pass thrust ramp developed closer to 
the cratonal hinge zone, and cut into uplifted basement blocks. 
e. Uppermost samples from the Nopah Range transect were arrested just above the 
base of the ZHe PRZ by ~145 Ma and underwent partial closure of the ZHe 
isotopic system, and deeper samples remained below the ZHe PRZ.  The deepest 
samples ended up at or just below the 400 °C isotherm, and still remained open to 
the muscovite 40Ar/39Ar isotopic system through the Early Cretaceous.  
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f. By ~90 Ma, thrust faults broke forward into basement rocks of the Wheeler Pass 
footwall, causing basement-cored duplexing and passive uplift of the overlying 
Wheeler Pass sheet.  Samples that remained below the ZHe after the Late Jurassic 
event by ~145 Ma closed through the ZHe isotopic system, and the deepest 
basement samples closed through the muscovite 40Ar/39Ar isotopic system. 
 
Figure 2.24. Schematic block diagram of the Wheeler Pass thrust footwall across the 
Spring Mountains and Nopah Range prior to Cenozoic extension.   Dotted lines represent 
the approximate locations for schematic cross sections in Figure 2.23.  A lateral ramp is 
required between the two exposed sections of the Wheeler Pass thrust.  The lateral ramp 
separates the northern décollement-style thrust in Neoproterozoic strata from basement 
involvement to the south, as the position of the Wheeler Pass thrust ramp nears the North 
American cratonal hinge zone (HZ). 
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CHAPTER 3 
DETERMINING THE AGE OF SYNTECTONIC MICA GROWTH IN THE 
FOOTWALL OF THE WILLARD THRUST USING MUSCOVITE 40Ar/39Ar 
THERMOCHRONOLOGY 
Abstract 
New muscovite 40Ar/39Ar geochronology measured by in situ laser ablation and 
step heating methods record neocrystallization of syntectonic muscovite resulting from 
the breakdown of plagioclase and K-feldspar in the presence of metamorphic fluids from 
near the top the footwall of the Willard thrust at Antelope Island in Great Salt Lake, Utah.  
Syntectonic mica growth is linked with deformation and fabric development during slip 
along the Willard thrust.  Mica ages record a main period of mica growth at ca. 115 Ma to 
ca. 90 Ma, dating protracted deformation along the Willard thrust, and post-dating 
currently accepted estimates of initial thrust motion from late Neocomian-early Aptian 
synorogenic deposits.  Younger ages mark the termination of thrust faulting at ca. 90 Ma, 
simultaneous with initial development of the Ogden duplex system, uplift of the Wasatch 
anticlinorium, and thrust faulting along the Crawford thrust to the east.  Limited 
muscovite and biotite ages from the base of the Willard sheet exposed nearby at Fremont 
Island are cautiously interpreted to date a cooling event at ca. 140-134 Ma, possibly 
following initial internal strain within the Willard sheet.  A minor subset of older laser 
ablation ages from ~135-115 Ma in rocks from Antelope Island may record mica 
neocrystallization during the early stages of Willard motion, although the possibility of 
excess Ar can not be ruled out.  
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The combined development of the Willard thrust and Ogden duplex system 
played a major role in the deformational evolution of the Willard footwall, which 
underwent a major mechanical shift in the mid Cretaceous, resulting in the transfer of 
thrust slip towards the foreland.  Reactive fluids that originated in the metamorphic 
hinterland to the west were concentrated along the Willard thrust in the Early Cretaceous, 
and migrated down hydraulic gradients into the deforming footwall along fracture 
networks at various scales, inducing fluid-assisted plastic deformation. Variability in ages 
from Antelope Island represent overlapping reoccurrences of muscovite 
neocrystallization over a protracted period of at least 25 m.y., caused by repeating crack 
and seal episodes within weakening shear zones under transient conditions of focused 
fluid flow. By ca. 90 Ma, the developing Ogden thrust system diverted fluids away from 
the footwall, shifting fluid flow towards the foreland.  Diminished fluid flow may have 
resulted in the termination of mica neocrystallization and plastic deformation, causing 
rheological strengthening of the Willard footwall. The rheological contrast generated 
between a weakened basal fault zone and a strengthened internal wedge may have 
reduced critical taper, which possibly drove initial duplex faulting along the Ogden thrust 
system, uplift of the Wasatch anticlinorium, and thrust faulting along the Crawford thrust 
in the foreland. 
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Introduction 
 The dating of deformation fabrics composed of minerals that grew during 
deformational events can provide key age constraints on the development and evolution 
of orogenic belts. Use of in situ laser ablation is particularly advantageous, permitting age 
measurement of discrete generations of syntectonic minerals that can be tied to 
deformation fabric elements (e.g. Challandes et al., 2003; Müller, 2003; Rolland et al., 
2009).  In situ analyses increase increasing our ability to resolve the timing and duration 
of fabric development during protracted deformation events. In this study, in situ UV 
laser probe and furnace step heated 40Ar/39Ar  muscovite geochronology was applied to 
rocks in the footwall and hanging wall of the Willard thrust in northern Utah, linking 
mineral growth and fabric development with deformation of an evolving thrust system 
during changing structural and fluid conditions within the SFTB. 
 The Cordilleran orogen of the western United States preserves a long and 
protracted tectonic history of deformation that includes multiple episodes of retroarc 
shortening and crustal thickening during the Sevier orogeny  (Burchfiel and Davis, 1975; 
Wiltschko and Dorr, 1983; DeCelles, 2004).  The Willard thrust, along with the Paris and 
Meade thrusts, contributed over 50 km of displacement across the western section of the 
SFTB (Fig. 3.1), having emplaced thick sections of Neoproterozoic and Paleozoic passive 
margin rocks over thinner Paleozoic and Mesozoic cratonic strata during the Cretaceous 
(Crittenden, 1972; DeCelles, 1994).  Large volumes of metamorphic fluids from the 
western hinterland are interpreted to have flowed along the Willard thrust fault zone 
during east-directed regional fluid flow towards the Sevier foreland (Yonkee et al., 2013).  
Fluid-rock interactions induced strain and reaction softening processes that weakened 
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footwall rocks, causing semi-plastic deformation along evolving networks of shear zones, 
which eventually led to failure and imbrication of the Willard footwall along structurally 
underlying thrusts that propagated to the east (Yonkee, 1992; 2003; Yonkee and Weil, 
2011).  Furthermore, thrust imbrication and crustal thickening within the footwall 
provided a means to enhance critical taper, which drove thrusting into the foreland during 
the Late Cretaceous and early Paleocene (DeCelles, 1994).  In these modes, the Willard 
footwall was integral to the evolution of the SFTB as slip was eventually transferred from 
the western to the eastern thrust systems by the start of the Late Cretaceous. 
 Petrologic and structural observations from the Willard hanging wall and footwall 
indicate that deformation in the footwall was intimately tied to Willard thrusting.  Rocks 
on both sides of the Willard thrust deformed at greenschist-facies conditions, and 
structural features such as folds, cleavages, veins and fracture networks display 
systematic geometries and similar kinematics, recording similar strain patterns and 
gradients that increase towards the Willard thrust (Yonkee, 1992; 2005; Yonkee and 
Weil, 2011; Yonkee et al., 2013).  Previous age estimates for motion on the Willard 
thrust, derived from syntectonic mica growth in hanging-wall veins and footwall shear 
zones (Yonkee et al, 1989; Yonkee, 1992), dated synorogenic deposits in foreland basins 
(Wiltschko and Dorr, 1983; DeCelles, 1994), apatite fission track thermochronology 
(Naeser et al., 1983; Burtner and Nigrini, 1994), and zircon helium thermochronology 
(Eleogram et al., 2013), all suggest that regional deformation associated with Willard 
thrusting occurred during the Early to mid Cretaceous.  However, the timing of initial 
deformation, as well as timing relations between alteration, strain accumulation, and 
thrust slip, are uncertain. 
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 Success in dating syndeformational mineral neocrystallization requires that 
mineral growth occurred below the closure temperature of the targeted isotopic system 
(Dunlap, 1997; Mulch and Cosca, 2004; Wells et al., 2008); thus it is critical that the 
temperatures of isotopic closure and mineral growth are known.  Several lines of 
evidence from previous studies in the Willard footwall, including petrologic and 
metamorphic observations, fluid inclusion studies, and thermal modeling, demonstrate 
that growth of muscovite occurred from the syntectonic breakdown of feldspar under 
lower greenschist conditions, and thus below the temperature of Ar isotopic closure in 
muscovite (Yonkee et al., 1989, 2003, Harrison et al., 2009).  Microstructural 
observations of quartz deformation fabrics and closure temperature calculations using 
recent diffusion kinetics data from Harrison et al. (2009) corroborate the results of 
previous studies, thus rocks from the Willard footwall are amenable to applying 40Ar/39Ar 
muscovite geochronology for dating syntectonic mica neocrystallization. 
 This study presents new 40Ar/39Ar geochronology of muscovite and biotite from 
the footwall and the hanging wall of the Willard thrust zone exposed at Antelope and 
Fremont islands in the Great Salt Lake, Utah, respectively.  In situ UV laser-probe 
analyses of syntectonic mica sampled from deformed crystalline basement and 
metasedimentary rocks at Antelope Island record the timing of mica growth below the 
appropriate closure temperature for the Ar isotopic system in muscovite.  This allows the 
isotopic ages to be linked to fabric development in the footwall with slip along the 
Willard thrust. Muscovite 40Ar/39Ar ages from the incremental step heating of mica 
separates were also conducted on some samples to further characterize the internal 
behavior of the Ar isotopic system and to identify potential complexities in Ar isotope 
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distributions including extraneous argon in the context of measured spot ages. Two 
additional samples from Fremont Island were also analyzed by laser ablation, intended as 
preliminary analyses to inform future thermochronologic studies of the base of the 
Willard sheet.  These samples provided additional timing constraints on the development 
of the Willard fault zone.  Newly acquired data provide absolute constraints on the age of 
fluid-rock interaction, strain accumulation, and mica neocrystallization related to major 
slip along the Willard thrust, improving upon current understanding regarding the 
relationship between rheology and fabric development in naturally deformed rocks.  
 
Geologic setting 
The Willard thrust, exposed in the Wasatch Range and nearby areas of northern 
Utah (Fig. 3.2), is part of a larger fault system, including the Paris and Meade thrust 
faults, within the western part of the Idaho-Wyoming-Utah section of the Sevier belt.  
The Willard-Paris-Meade thrusts emplaced thick sections of Neoproterozoic and 
Paleozoic rocks from the Laurentian passive margin eastward over thinner Paleozoic 
cratonal strata during the Cretaceous (Crittenden, 1972; DeCelles, 1994). The Willard 
sheet contains an ~10-15 km thick section of Mesozoic marine and terrestrial rocks, 
carbonate-rich Paleozoic strata, Neoproterozoic to Early Cambrian micaceous and 
quartzite-rich strata, and Late Archean to Paleoproterozoic crystalline basement rocks 
(Fig. 3.3).  Approximately 6 km of stratigraphic throw and up to 60 km of lateral 
displacement are attributed to the Willard thrust, including an additional 10 km of 
shortening internal to the thrust sheet accomplished by folding and imbricate faulting 
(Crittenden, 1972; Yonkee, 1992; Yonkee et al., 2013). The Willard thrust displays a 
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ramp-flat geometry, with a western flat in micaceous Neoproterozoic strata, a ramp 
through Neoproterozoic-Cambrian quartzite-rich strata, a central flat in Middle Cambrian 
shale and limestone, a ramp in Late Cambrian to Jurassic strata, and an eastern flat in 
Jurassic evaporite-bearing strata (Yonkee, 2005).  The Willard thrust is presently tilted to 
the north and east in northern Utah, where deep structural levels of the thrust sheet and 
deformed footwall rocks are exposed due to folding and uplift above the Wasatch 
anticlinorium and subsequent tilting during Tertiary extension and normal faulting along 
the Wasatch fault zone (Schirmer, 1988; Yonkee, 1992). 
 The footwall of the Willard thrust is exposed in the Wasatch Range of northern 
Utah, and on Antelope Island (Figs. 3.2 & 3.3), which marks the shelf-platform transition 
of the Neoproterozoic rifted margin, separating thick marine sedimentary sections carried 
and preserved by the Willard sheet from thinner cratonal sedimentary sections preserved 
in frontal thrust systems to the east (Crittenden, 1972; Camilleri et al, 1997).  The 
underlying basement architecture of the ancient rifted margin formed a reentrant at 
Antelope Island, which represents a basement promontory that impinged upon the 
propagating thrust sheet (Wiltschko and Dorr, 1983).  Here the décollement cut into 
basement, and deformation propagated eastward into the Willard footwall causing folding 
and imbrication, and the formation of ductile shear zones (Crittenden, 1972; Yonkee, 
1992; 2000b; Yonkee and Weil, 2011).  A frontal ramp in the Willard thrust formed at 
this structural transition in the rifted margin, becoming the site of focused shortening 
strain in the Willard sheet, resulting in broad and open folds in the Willard sheet above 
the frontal ramp.  By the mid to Late Cretaceous, imbrication of the footwall led to 
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growth of the Wasatch anticlinorium, which uplifted the Willard sheet above the 
structurally lower Ogden thrust system (Schirmer, 1988; Yonkee, 1992; 1997).  
Timing of thrusting and uplift of the Wasatch anticlinorium 
 The timing of motion along the main thrusts of the Idaho-Utah-Wyoming salient 
of the SFTB is well dated by synorogenic deposits, which span up to ~80 m.y. in the 
Cretaceous and early Paleogene (Wiltschko and Dorr, 1983; DeCelles et al., 1994).  Slip 
along thrusts was recorded by repeating episodes of alluvial fan deposition and foreland 
subsidence during thrust-induced uplift and erosion of western sedimentary sources in the 
Early-mid Cretaceous (Wiltschko and Dorr, 1983; DeCelles and Mitra, 1995).  Major slip 
along the western-most thrusts (Willard-Paris-Meade) is recorded by proximal 
conglomerates from the Aptian-Albian Gannett group at ~130 Ma to ~110 Ma (Wiltschko 
and Dorr, 1983; DeCelles et al., 1993; DeCelles, 1994).  Westward thickening strata of 
the Bear River, Aspen, and Frontier formations record continued uplift and exhumation 
of the western thrust sheet in Cenomanian to Turonian time from ~110 Ma to ~90 Ma.  
Zircon fission track ages of ~120 Ma to ~95 Ma in lower parts of the Willard sheet also 
support Aptian to Cenomanian exhumation and slip (Yonkee and Weil, 2011).  
Additionally, 40Ar/39Ar ages of muscovite from veins near the base of the Willard sheet, 
record internal deformation during and possibly preceding slip along the Willard thrust 
between ~140 Ma and ~110 Ma (Yonkee, 1989).  
 Deformation associated with footwall failure along structurally lower thrust faults 
in the Ogden thrust system initiated as early as ~120 Ma, resulting in structural growth of 
the Wasatch anticlinorium and uplift of the overlying Willard sheet during the mid-Late 
Cretaceous, ending as late as ~55 Ma  (Yonkee, 1992; DeCelles, 1994).  Uplift of the 
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anticlinorium was synchronous with motion along eastern frontal thrusts, and 
synorogenic sediments were shed eastward from the uplifted Willard sheet into structural 
basins that formed ahead of the active frontal wedge (DeCelles, 1994).  Motion along the 
Crawford thrust was recorded by deposition of the Echo Canyon conglomerate in the mid 
Cretaceous, and the Late Cretaceous to Paleocene conglomerates from the Evanston and 
Wasatch Formations recorded motion along the Absaroka and Hogsback-Darby-Prospect 
thrusts, respectively (Wiltschko and Dorr, 1983; DeCelles, 1994). Furthermore, AFT ages 
from Naeser et al. (1983) also likely record uplift of the Wasatch anticlinorium at ~90-85 
Ma, ~85-75 Ma, and ~65-50 Ma, simultaneous with motion on the Crawford, Absaroka, 
and Hogsback-Darby-Prospect thrusts, respectively (Yonkee and Weil, 2011).  
 
Geology of the footwall at Antelope Island 
 The Willard footwall at Antelope Island lies at the transition between western and 
eastern sections of the SFTB, having preserved much thinner sections of Paleozoic and 
Neoproterozoic strata than the Willard sheet to the west.  Antelope Island represents a 
high-standing basement block that eventually became a site of focused and localized 
footwall deformation, including semi-brittle shear zone formation and basement 
imbrication, near a frontal ramp in the Willard thrust (Crittenden, 1972; Wiltschko and 
Dorr, 1983; Yonkee, 1992).  Presently the footwall at Antelope Island is tilted northward, 
exposing crystalline basement rocks to the south, and Neoproterozoic to Early Cambrian 
cover rocks to the north (Figs. 3.2 & 3.4).  Paleoproterozoic crystalline basement rocks 
from the Farmington zone consist mainly of abundant paragneisses and granitic 
orthogneisses, minor amphibolites, and rare metamorphosed ultramafic rocks known as 
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the Farmington Canyon Complex (Yonkee et al., 2000a). Original sedimentary packages 
contain inherited Archean zircon grains of ~2.4 Ga, and were deposited and intruded by 
mafic igneous rocks during earliest Paleoproterozoic rifting.  Proterozoic granites of 
~1.8-1.7 Ga age intruded during high grade metamorphism, followed by intrusion of 
coarse-grained granites and late stage pegmatite dikes (Barnett et al., 1993; Nelson et al., 
2011).  Chloritic gneisses, and local phyllonitic and mylonitic rocks that occur near shear 
zones throughout the basement display pervasive greenschist alteration during retrograde 
metamorphism (Yonkee et al., 2000a).  A diamictite-bearing interval of the 
Neoproterozoic Mineral Fork Formation rests unconformably upon crystalline basement 
of the Farmington Zone at Antelope Island.  The diamictite is a much thinner correlative 
to the diamictite member of the Perry Canyon Formation from western sections of the 
Willard sheet, locally exposed at Fremont Island (Fig. 3.2) (Yonkee et al., 2000b). The 
Mineral Fork diamictite reaches a thickness of ~60 m at Antelope Island.  The diamictite 
consists of deformed clasts of mainly ortho- and paragneisses with lesser quartzite, from 
the Farmington Canyon Complex, that lie within a recrystallized matrix of fine-grained 
quartz, muscovite and chlorite (Yonkee et al., 2013).   In sharp contact above the Mineral 
Fork diamictite are dolomitic and argillaceous intervals from the Neoproterozoic Kelley 
Canyon, which ranges in thickness from ~25-85 m at Antelope Island, overlain 
unconformably by interbedded coarse-grained quartzites and quartz-pebble 
conglomerates of the Early Cambrian Tintic Quartzite (Yonkee et al., 2000b).  The Tintic 
Quartzite has a minimum thickness of 250 m on the north side of the island; the upper 
contact is not exposed.  Tertiary conglomerates on the north end of Antelope Island 
contain clasts from Middle Cambrian argillite and limestone that were intensely 
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deformed in the Willard footwall.  Tertiary conglomerates on the east side of the island 
contain clasts of Cambrian to Mississippian carbonates, interpreted to have been eroded 
from a footwall ramp beneath the Willard sheet (Yonkee et al., 2000b, 2013). 
Footwall deformation and alteration 
Deformation style within the Willard footwall exposed at Antelope Island and 
other regions in the Wasatch Range to the east and northeast varies significantly with 
lithology and structural level (Evens and Neves, 1992; Yonkee, 1997; Yonkee et al., 
2000a, 2000b, 2013).  Uppermost levels of the footwall, directly below the Willard thrust 
exposed in the Ogden Canyon area of the Wasatch Range, are generally deformed by 
complex and overlapping thrust imbrication, isoclinal recumbent folding, fracturing and 
veining (Evens and Neves, 1992; Yonkee, 1997).   Stronger dolostones underwent 
concentrated brittle deformation, having deformed mainly by cataclasis, with 
microfracturing, veining, and open folding; limited amounts of dynamic recrystallization 
occurred within fold cores.  Weaker limestones deformed by mass transfer and crystal 
plastic processes with development of cleavage, veins, and tight to isoclinal minor folds 
(Evens and Neves, 1992; Yonkee, 1997).   
On Antelope Island, the sedimentary cover is variably deformed with the greatest 
amount of deformation occurring in micaceous intervals from the diamictite, whereas 
stronger quartzites and dolostones are weakly to moderately deformed (Yonkee et al., 
2000b).  Rocks from the Tintic Quartzite and Kelley Canyon Formation deformed mainly 
by fracturing, folding, and veining.  Quartzites and slates underwent partial 
recrystallization of matrix quartz and mica, along with pressure solution in quartz, 
kinking of mica, and variable microfracturing and alteration of feldspars.  Quartz grains 
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in quartzite rocks display undulose extinction, deformation lamellae, subgrains, and local 
recrystallization near grain margins.  Limited amounts of neocrystallized fibers of quartz 
and mica grew in strain fringes around larger feldspar grains (Yonkee et al., 2000b).   
Diamictites generally show greater intensity of deformation than non-micaceous 
intervals, having deformed mainly by pressure solution in a matrix that consists mainly of 
recrystallized quartz, muscovite, chlorite, scattered with oxides and other accessory 
minerals (Fig. 3.5a-c) (Yonkee, 1992; Yonkee et al., 2000b, 2013).  Strain fringes of fine-
grained recrystallized mica and quartz formed around many quartzite and larger granitic 
gneissic clasts by the mass transfer of quartz and the alteration of feldspar to muscovite 
plus quartz (Fig. 3.5a & b) (Yonkee et al., 2000b, 2013).  Quartz aggregates within clasts 
underwent pressure solution and partial recrystallization mostly by bulging grain 
migration and subgrain formation (Yonkee et al., 2000b).  Original K-feldspar grains are 
mostly altered to muscovite, and plagioclase to albite and muscovite.  Plagioclase 
remnants show albite twinning, and relict K-feldspars are mostly undeformed, with some 
minor kinking or fracturing.  The degree of clast deformation, quartz recrystallization and 
feldspar alteration increases towards the west-northwest along a strain gradient with 
decreasing distance to the trace of the Willard fault, reflecting an increase in intensity of 
plastic deformation and strain softening (Yonkee et al., 2013).  
Veins that cut cover rocks above the basement are variably deformed, and are 
generally cut mica cleavages (Fig. 3.5d & e).  Coarse-size quartz grains in veins have 
serrated grain boundaries caused by grain boundary bulging, show sweeping undulose 
extinction, deformation lamellae and subgrains.  Large microcracks within larger quartz 
grains that make up the veins are partially filled with finer quartz. Mica grains make up a 
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crenulated fabric, are locally mixed with large concentrations of oxides, and appear to be 
cut by quartz veins.  Vein orientations are generally at high to moderate angles to mica 
cleavages that are commonly crenulated (Fig. 3.5e).   
Basement deformation zones 
 Crystalline basement rocks from the Willard footwall exposed along the Wasatch 
Range and Antelope Island, deformed mainly by combinations of fracturing, veining, 
cataclastic and crystal plastic processes along anastomosing networks of semi-brittle 
deformation zones (Yonkee, 1992; Yonkee and Weil, 2011).  Semi-brittle shear zones 
evolved under greenschist-facies conditions at elevated pore fluid pressures, and 
apparently underwent alternating episodes of cataclasis, cracking and sealing, fluid 
influx, mineral alteration, and plastic recrystallization (Yonkee et al., 2003).  Reactive 
fluids were channeled by initial fracture networks, and fluid-rock alterations enhanced 
plastic deformation by strain and reaction softening processes such as hydrolytic 
weakening of quartz, feldspar alteration to mica, and the solution and recrystallization of 
strain free quartz during mass transfer (Yonkee et al., 2003).  The shear zones are wider 
and more closely spaced toward the west, reflecting the initial geometries of fracture 
networks that accommodated the incoming fluids (Yonkee, 1992; Yonkee et al., 2003).  
Basement shear zones bound lenses of relatively unaltered and undeformed granitic 
gneisses, which transition from altered chloritic gneisses to highly strained and 
plastically-deformed phyllonites at greenschist metamorphic conditions (Yonkee et al., 
2003).  Chloritic gneisses at shear zone margins have fracture and vein networks with 
pervasive alteration of feldspar to sericite and albite, and mafic minerals to chlorite, 
biotite, and epidote along microcracks and microshear zones (Fig. 3.5f) (Yonkee, 1992; 
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Yonkee et al., 2000b).  Quartz grains show undulose extinction, subgrain formation, and 
limited recrystallization by dislocation glide without recovery along grain boundaries 
(Yonkee et al., 2000b; Yonkee and Weil, 2011).  Shear zone phyllonites and mylonites 
are intensely cleaved, less fractured, and have fewer disconnected veins of recrystallized 
quartz than chloritic gneisses at shear zone margins due to pervasive plastic deformation 
that modified past evidence of intense and interconnected fracture networks (Yonkee, 
1992; 2003).  Quartz ribbons and subgrains are flattened, stretched, and recrystallized in 
mylonitic rocks from the center of these shear zones, and feldspars are pervasively altered 
to sericite and chlorite, fractured, and partially recrystallized at grain boundaries.  Fine 
grained recrystallized quartz, mica and albite make up strain fringes around competent 
feldspar grains (Yonkee et al., 2000b).  
Strain patterns  
 Strain patterns from the cover sedimentary rocks at the top of the footwall vary 
significantly with changes in lithology and structural position, causing strain partitioning 
among layers of contrasting strength (Yonkee et al., 2013).  Overall, deformation 
intensity in Neoproterozoic sedimentary rocks is greater in the footwall than from similar 
lithologic intervals at low levels in the Willard sheet (Yonkee, 2005).  Kinematics from 
fold axes, and cleavage and vein orientations demonstrate top-to-east shear, with minor 
amounts of dextral wrench shear and longitudinal extension accommodating three-
dimensional complexities.  Cleavages are weakly to moderately developed at moderate 
angles to bedding in stronger quartzites, and moderately to strongly developed at low 
angles to bedding in softer mica-rich diamictites below.  Finite strains show approximate 
plane strain and minimal volume loss (< 10%), although apparent flattening with greater 
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amounts of volume loss up to 20% have been observed in some sites (Yonkee et al., 
2013).  Fabrics record components of both simple shear and pure shear, with layer 
parallel shortening dominant in quartz-rich layers and simple shear in mica-rich layers 
(Yonkee, 2005).  An increase in intensity in cleavage development and veining occurs 
along a strain gradient to the WNW along with increasing degrees of thrust parallel 
extension and simple shear, and decreasing amounts of bulk flattening (Barszewski, 
2012; Yonkee et al., 2013).  Kinematics from basement shear zones also show top to ESE 
simple shear and overall bulk flattening, similar to strain patterns from diamictites at 
relatively high levels (Yonkee et al., 2013). 
Geochemical alteration 
 Footwall rocks have undergone significant changes in whole rock geochemistry, 
reflecting chemical alteration during influx of reactive fluids along fracture systems and 
shear zones (Yonkee et al., 2003, 2013).  Granitic clasts in diamictite and shear zone 
rocks record a general decrease in alkalies (Na, K, Ca) and increase in Mg relative to 
basement protoliths from the Farmington Canyon Complex, reflecting the alteration of 
feldspar to Mg-rich muscovite (phengite) and mafic minerals to biotite and chlorite 
(Yonkee et al., 2013).  Higher concentrations of Na related to the neocrystallization of 
albite is prevalent mainly in chloritic gneisses along basement shear zone margins, in 
contrast to phyllonites within the shear zone cores that are significantly depleted in Na 
due to the alteration of albite to muscovite (Yonkee et al., 2003). Measurements of 
concentrations of immobile elements (Al, Ti, and Fe) suggest minimal volume loss, 
mainly through the release of dissolved quartz by fluids below silica saturation.  Low pH 
fluids probably originated from metamorphic dewatering of micaceous rocks to the west 
112
 
 
  
that mixed with deep circulating meteoric waters during regional flow towards the east, 
becoming enriched in Mg during metamorphic reactions while passing through graphitic 
slates from the base of the Willard sheet and mafic schists in basement rocks. (Yonkee et 
al., 2003, 2013). 
 
Muscovite geochemistry 
 Muscovite chemistry from three separate chips from the Antelope Island footwall 
and one chip from the base of the Willard sheet was determined to check for 
compositional differences in muscovite between samples from different structural sites.  
Structural sites analyzed from Antelope Island (Figure 3.4) include a basement shear 
zone (sample 12-AB), a strained clast in diamictite from the Mineral Fork Formation 
(sample 06-R6), and a shear vein in slate from the Kelley Canyon Formation (sample 35-
SV).  The sample analyzed from Fremont Island includes neocrystallized matrix in 
diamictite from the Perry Canyon Formation (sample FI-01) (Table 3.1).  Following laser 
ablation analyses, post-analysis backscatter electron (BSE) imaging of the ablation pits 
was performed on the SEM at Weber State University.  Images of pits and age data were 
evaluated, and areas that would benefit from electron probe microanalysis (EMPA) were 
identified. Mineral chemistry was obtained at UNLV on a JEOL 8900 superprobe, 
optimized for quantitative, non-destructive chemical analysis of solid materials on the 
micron scale.   Mineral analyses were performed under the condition of 20 kV 
accelerating voltage, 10 nA beam current, 10 µm spot size, and at 30 second peak 
counting time intervals.  Several calibration standards from the Smithsonian were 
analyzed as internal standards to monitor the accuracy and precision of the analyses, 
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Sample
Structural 
Site
Mineral
Mass %*
SiO2 44.77   ± 0.85 46.65   ± 0.98 46.79   ± 0.36 47.04   ± 1.01 36.02   ± 0.90
Al2O3 24.27   ± 0.61 26.62   ± 0.84 30.12   ± 0.58 28.01   ± 1.07 16.36   ± 0.61
TiO2 0.65   ± 0.37 0.17   ± 0.11 0.41   ± 0.29 0.30   ± 0.07 2.06   ± 0.27
FeO 8.02   ± 0.68 6.71   ± 0.62 3.98   ± 0.26 4.01   ± 0.55 22.73   ± 0.84
MnO 0.18   ± 0.51 0.01   ± 0.01 0.01   ± 0.02 0.05   ± 0.02 0.24   ± 0.02
MgO 2.96   ± 0.36 2.63   ± 0.32 2.02   ± 0.31 2.25   ± 0.12 8.50   ± 0.28
CaO 0.01   ± 0.01 0.01   ± 0.02 0.02   ± 0.02 0.04   ± 0.04 0.04   ± 0.03
Na2O 0.10   ± 0.07 0.11   ± 0.03 0.19   ± 0.03 0.26   ± 0.17 0.04   ± 0.02
K2O 10.71   ± 0.27 10.90   ± 0.19 11.09   ± 0.19 10.69   ± 0.50 9.06   ± 0.17
Cr2O3 0.00   ± 0.01 0.01   ± 0.01 0.03   ± 0.02 0.01   ± 0.02 0.01   ± 0.01
P2O5 0.00   ± 0.01 0.01   ± 0.01 0.01   ± 0.01 0.00   ± 0.00 0.00   ± 0.00
H2O 4.13   ± 0.07 4.29   ± 0.08 4.39   ± 0.03 4.31   ± 0.09 3.87   ± 0.10
Total 95.80   ± 0.92 98.12   ± 1.62 99.05   ± 0.53 96.96   ± 1.44 98.94   ± 0.98
Cl  0.00   ± 0.01 0.01   ± 0.01 0.01   ± 0.00 0.00   ± 0.00 0.00   ± 0.01
F   0.03   ± 0.05 0.04   ± 0.05 0.08   ± 0.06 0.09   ± 0.06 0.26   ± 0.13
Ions†
Si 3.25 ± 0.04 3.26 ± 0.02 3.19 ± 0.02 3.28   ± 0.04 2.79 ± 0.05
Al total 2.08 ± 0.04 2.19 ± 0.05 2.42 ± 0.04 2.30   ± 0.06 1.50 ± 0.05
Aliv 0.75   0.74   0.81 0.72   1.21
Alvi 1.33   1.45   1.61   1.58   0.29   
Ti 0.04   ± 0.02 0.01   ± 0.01 0.02   ± 0.02 0.02   ± 0.00 0.12   ± 0.01
Fe 0.49   ± 0.04 0.39   ± 0.04 0.23   ± 0.02 0.23   ± 0.04 1.47   ± 0.06
Mn 0.01   ± 0.03 0.00   ± 0.00 0.00   ± 0.00 0.00   ± 0.00 0.02   ± 0.00
Mg 0.32   ± 0.04 0.27   ± 0.03 0.21   ± 0.03 0.23   ± 0.02 0.98   ± 0.04
Ca 0.00   ± 0.00 0.00   ± 0.00 0.00   ± 0.00 0.00   ± 0.00 0.00   ± 0.00
Na 0.01   ± 0.01 0.02   ± 0.00 0.03   ± 0.00 0.04   ± 0.02 0.01   ± 0.00
K 0.99   ± 0.02 0.97   ± 0.02 0.97   ± 0.01 0.95   ± 0.03 0.90   ± 0.02
OH 1.00   ± 0.02 1.00   ± 0.00 1.00   ± 0.00 1.00   ± 0.04 1.00   ± 0.03
Mg 0.40   ± 0.02 0.41   ± 0.02 0.47   ± 0.03 0.50   ± 0.02 0.40   ± 0.01
Mg+Fe 0.81   ± 0.08 0.67   ± 0.07 0.43   ± 0.04 0.47   ± 0.05 2.46   ± 0.09
Basement shear 
zone
Altered granitic 
diamictite clast
    §  Geographic coordiinates for Fremont Island samples can be found in Appendix E.
   Note:  All mica compositions determined using electron microprobe at University of Nevada Las Vegas are listed in 
Appendix D.  Confidence in standards demonstrated by stoichiometrically correct K-feldspar produced by analyses.  
Uncertainties listed as 1σ standard deviation.
   *Oxide values calcultated in weight percent oxide  ± 1 standard deviation.  
   † Number of cations calculated in atoms per formula unit (a.p.f.u.) per 11 oxygen atoms.   All iron is considered ferrous 
in calculation, although low oxide totals suggest significant amounts of ferric iron.  Values for number of Cr and P cations 
were all below 0.005.
muscovite muscovite muscovitemuscovite
Table 3.1.  Average mica compositions
(n=41) (n=7) (n=12)(n=39)
12-AB
Antelope Island Fremont Island
FI-01§06-R6
(n=45)
35-SV
biotite
Shear vein Matrix from diamictite
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including: olivine for SiO2 and MgO; plagioclase for CaO; corundum for Al2O3; chromite 
for Cr2O3; ilmenite for TiO2, FeO, and MnO; albite for Na2O; microcline for K2O; and 
apatite for P2O5. Fluorite, AgCl, and pyrite were analyzed for F, Cl, and S standards.   
 Muscovite compositions are phengitic and show intra-sample homogeneity for 
each of the analyzed chips from Antelolpe Island, although slight variations in mica 
geochemistry exist between samples.  Compositions range from 3.16 to 3.34 Si atoms per 
formula unit (a.p.f.u), with the greatest amount of variation within the basement shear 
zone sample 12-AB (Fig. 3.6a).  This granitic basement shear zone sample, along with 
the altered granitic clast in diamictite sample (06-R6) have a slightly higher mean Si 
composition (3.25 a.p.f.u & 3.26 a.p.f.u.) than the shear vein sample (35-SV, Si = 3.19 
a.p.f.u.).  These two granitic samples also have higher bulk Fe + Mg than the shear vein, 
although the shear vein sample has a higher Mg# (Mg / [Fe + Mg]).  Intra-sample 
variations in Al are relative minor, ranging less than 0.20 a.p.f.u for each sample, 
although there is a systematic increase in mean Al a.p.f.u with decreasing depth, coupled 
with a systematic decrease in mean bulk Fe + Mg a.p.f.u (Fig. 3.6b). This coupled trend 
indicates higher celadonite concentrations in phengitic muscovite from granitic samples.  
The similarity in mean bulk Mg + Fe and Mg# for both granitic samples over a narrow 
range of values compared to the mean bulk Mg + Fe and Mg# from the shear vein 
sample, suggests that bulk protolith composition may have largely controlled observed 
chemical variations in phengitic muscovite during metamorphic reactions between 
minerals and fluids. 
 Muscovite compositions from the diamictite matrix from Fremont Island sample 
FI-01 also are phengitic and relatively homogenous, while showing slight variations in 
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chemistry from phengitic muscovite from the footwall (Table 3.1).  Si compositions 
range from 3.24 a.p.f.u to 3.35 a.p.f.u., with a mean of 3.28 a.p.f.u., similar to the granitic 
basement samples from Antelope Island (Fig. 3.6a).  Relative to granitic samples, 
phengitic muscovite from FI-01 have lower concentrations of bulk Fe + Mg and higher 
Mg#, similar to phengitic muscovite from the shear vein.  Therefore phengitic muscovite 
grains from this sample share some characteristics from both granitic and shear vein 
samples in the footwall, probably reflecting differences in the chemistry of the fluids 
from which muscovite grew. 
 
40Ar/39Ar experimental methods 
 Samples for in situ laser ablation and step heating analyses were collected from 
various sites near the top of the footwall at Antelope Island that underwent different 
degrees of strain (Fig. 3.4).  Sampled structural domains include mica-bearing strain 
fringes that grew into the matrix of the Mineral Fork diamictite during deformation of 
quartzite and granitic gneiss clasts, internally deformed and altered paragneissic and 
orthogneissic clasts from the same unit, meso-scale shear zones from granitic crystalline 
basement rocks from the Farmington Canyon Complex, and deformed syntectonic veins 
that cut the diamictite and overlying slate interval from the Kelley Canyon Formation.  
Two additional samples from the Perry Canyon diamictite unit near the base of the 
Willard sheet exposed on Fremont Island were also prepared for laser ablation analysis.  
One sample targeted muscovite and biotite from diamictite matrix, another targeted 
muscovite that grew in the strain shadows between pyrite grains. 
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 Thick sections were cut and polished for BSE imaging at Weber State University.  
BSE images and X-ray maps were used to locate sites that have pure muscovite grain 
areas of greater than ~100 µm x 300 µm, free of quartz, chlorite, and/or biotite 
intergrowths.  Mica compositions were determined qualitatively using EDS, to assist in 
sample selection.  Once desired locations within the samples were identified, areas no 
larger than ~8 x 8 mm2 that maximized the number of target locations were selected for 
laser ablation analysis, and cut into chips of ~3-5 mm thickness.  Mica aggregates for 
step heating were extracted using an X-acto knife or by crushing via mortar and pestle, 
followed by magnetic separation, and hand picking.   
 Mica separates prepared for step heating were wrapped in ~3 mm thick Al foil 
packets, which were then stacked inside sealed fused silica tubes.  Individual rock 
chips for in situ laser ablation analyses were stacked inside separate pyrex tubes. Neutron 
fluence monitor (GA 1550 biotite - 98.5 Ma; Spell and McDougall, 2003) was 
interspersed every 5-10 mm along the tubes, and synthetic K-glass and optical grade CaF2 
were included with the irradiation packages to monitor neutron-induced Ar isotope 
interferences from K and Ca.  Loaded tubes were packed in an Al container and irradiated 
for 14 hr at the Nuclear Reactor at the University of Texas.  Laser probe and step heating 
analyses were done at the Nevada Isotope Geochronology Lab (NIGL) at the University 
of Nevada, Las Vegas.  Irradiated biotite fluence monitors together with CaF2 and K-
glass fragments were placed in a Cu sample tray in a high vacuum extraction line and 
were fused using a 20 W CO2 laser.  Ar isotopic compositions were analyzed using a 
MAP-215 mass spectrometer.  Mass discrimination and sensitivity were monitored by 
repeated analysis of atmospheric argon aliquots from an online pipette system.   
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 Ar was extracted from mica separates by step heating using a double vacuum 
resistance furnace.  Furnace blanks measured prior to step heating analyses averaged 
between 0.06 mV and 0.08 mV for 36Ar and between 19.06 mV and 22.31 mV for 40Ar.  
Gas yields resulted in blank corrections that were dominantly under 16% of the measured 
40Ar, with a significant majority under 1%.  Ar from mica in rock chips was extracted in 
situ using a pulsed 248 nm wavelength Coherent excimer laser, focused to a ~25 µm spot 
operating at a 6-7 mJ/pulse at 150 Hz.  Mica was ablated by excavating trenches over 
selected areas for gas extraction times of 2 minutes.  Trenched areas were ~100 µm x 300 
µm, and about 15-30 µm deep, giving sample volumes of ~105 µm3.  Control of power 
levels and pulse lengths was accomplished using LabView software.  Laser extraction 
line blanks were measured after every 3 to 4 analyses (approximately hourly), and were 
consistently low with respect to extracted gas, thus were eventually converted into daily 
averages that ranged between 0.01 mV and 0.03 mV for 36Ar and between 1.71 mV and 
8.38 mV for 40Ar.  Blanks for all other Ar isotopes were < 0.02 mV.  Laser-probe sample 
gas yields mostly resulted in blank 40Ar corrections under 25% of the measured 40Ar for 
UV analyses, with a large majority under 15%, and six analyses had corrections between 
25% and 40%. Discrimination corrections from atmospheric Ar measurements, as well as 
K and Ca correction factors, are given in the appropriate data tables in Appendices E and 
F. 
 
40Ar/39Ar results 
 Muscovite 40Ar/39Ar ages were measured from seven different samples that 
represent various lithologies and structural domains, collected from near the top of the 
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footwall on the northwest side of Antelope Island, where finite strains are high relative to 
lower strain sites to the southeast (Figs. 3.7 & 3.8).  Muscovite and biotite 40Ar/39Ar ages 
were also measured from two additional samples collected from sites near the base of the 
hanging wall on Fremont Island.  Laser ablation ages were measured from ten small rock 
chips (~150-300 mm3), cut from thick sections of the nine samples.  Most analyses had 
high radiogenic yields and low apparent Ca/K ratios, but laser ablation ages were filtered 
to exclude radiogenic yields below 80% and apparent Ca/K ratios above 0.8, based upon 
the assumption that Ar isotope systematics from these analyses could have been affected 
by alteration, deformation, or degassing of adjacent low K-bearing mineral phases.  Data 
from pits that clearly ablated multiple phases, identified from post-ablation BSE images 
of the analyzed chips, was also excluded from the results and interpretations presented in 
this study. Age spectra were acquired from muscovite removed from mica-rich cleavage 
seams from four footwall sample thick sections that also yielded laser ablation age 
populations, and one additional footwall sample thick section from which laser ablation 
ages were not produced (07-Q3) (Fig. 3.9).  All uncertainties are reported as 1σ standard 
deviation. 
Antelope Island (footwall) 
Basement shear zones and altered granitic clasts 
 Laser ablation ages were measured from muscovite that make up discrete and 
through-going microshear zones, thinner discontinuous microshear zones, micro-pressure 
shadows, and patchy feldspar alteration domains that underwent retrograde alteration at 
greenschist-facies conditions within crystalline basement granitic rocks (Table 3.2) and 
deformed granitic clasts from the Mineral Fork diamictite (Table 3.3).  The basement 
119
Ablation 36Ar 37Ar 38Ar 39Ar %40Ar* Ca/K 40Ar 40Ar*/39ArK
number
Muscovite
8 0.045 0.020 0.030 1.547 86.6 0.362 36.404 18.408 94.8 ± 0.7
10 0.044 0.022 0.029 1.295 84.6 0.476 30.613 18.446 95.0 ± 1.4
7 0.037 0.017 0.029 1.517 91.5 0.314 35.176 18.956 97.5 ± 0.9
1 0.060 0.019 0.058 3.873 90.6 0.137 79.726 19.082 98.1 ± 0.7
19 0.050 0.018 0.018 1.532 83.2 0.329 37.968 19.303 99.3 ± 1.3
2 0.057 0.029 0.050 2.985 89.5 0.272 65.939 19.883 102.2 ± 0.7
27 0.034 0.019 0.026 1.114 91.5 0.478 27.556 19.989 102.7 ± 1.9
23 0.059 0.016 0.043 2.810 88.6 0.160 64.248 20.428 104.9 ± 0.9
15 0.049 0.032 0.030 1.124 85.5 0.798 31.366 20.432 104.9 ± 1.2
12 0.056 0.015 0.047 2.033 88.8 0.207 50.235 20.809 106.8 ± 0.9
3 0.067 0.018 0.068 4.077 90.7 0.124 90.699 20.827 106.9 ± 0.8
18 0.067 0.021 0.051 2.351 83.9 0.250 58.920 20.924 107.3 ± 0.9
4 0.063 0.017 0.040 1.845 83.2 0.258 47.918 20.933 107.4 ± 0.8
29 0.033 0.016 0.022 1.046 93.0 0.429 25.966 21.091 108.2 ± 1.0
20 0.061 0.018 0.037 2.466 87.4 0.205 61.478 21.878 112.1 ± 1.0
25 0.078 0.020 0.047 2.548 83.5 0.220 66.283 21.958 112.5 ± 0.8
21 0.062 0.030 0.057 2.738 88.3 0.307 67.293 21.972 112.6 ± 0.9
17 0.041 0.016 0.024 1.350 88.5 0.332 38.297 23.558 120.4 ± 1.1
14 0.052 0.014 0.028 1.628 89.5 0.241 46.135 23.728 121.3 ± 0.8
11 0.049 0.016 0.025 1.642 88.1 0.273 45.966 24.255 123.9 ± 1.2
5 0.050 0.018 0.034 2.142 90.8 0.236 59.381 24.640 125.8 ± 0.9
Muscovite
21 0.024 0.021 0.042 2.572 97.1 0.243 50.067 19.197 94.1 ± 0.7
1† 0.046 0.021 0.067 4.466 95.6 0.140 87.046 19.210 94.2 ± 0.7
19 0.022 0.016 0.053 3.877 98.6 0.123 74.027 19.644 96.3 ± 0.7
14 0.077 0.035 0.064 3.438 85.2 0.303 79.055 20.233 99.1 ± 0.7
5† 0.036 0.019 0.050 3.788 96.9 0.149 78.558 20.675 101.2 ± 0.7
23 0.027 0.021 0.056 4.022 96.9 0.155 83.115 21.192 103.6 ± 0.8
12 0.029 0.022 0.039 2.638 96.1 0.248 58.502 21.498 105.1 ± 0.7
11† 0.034 0.016 0.048 3.360 95.6 0.142 73.716 21.560 105.4 ± 0.7
2 0.053 0.019 0.063 4.253 94.6 0.133 95.780 22.054 107.7 ± 0.7
25 0.025 0.017 0.043 2.907 96.6 0.174 63.918 22.192 108.4 ± 0.8
6 0.047 0.021 0.044 2.534 92.8 0.246 65.226 24.241 118.1 ± 1.0
22 0.041 0.023 0.046 2.539 92.7 0.269 65.300 24.701 120.2 ± 0.8
16 0.053 0.018 0.057 3.614 92.7 0.148 93.582 25.187 122.5 ± 0.9
13 0.037 0.017 0.044 2.670 94.7 0.189 71.627 26.050 126.6 ± 0.9
8 0.043 0.014 0.043 2.567 92.7 0.162 71.463 26.399 128.2 ± 0.9
7† 0.056 0.018 0.065 4.196 93.3 0.128 113.638 26.589 129.1 ± 1.0
Table 3.2.  40Ar / 39Ar laser ablation ages from basement shear zones
Sample 02-AB, J = 0.00293 ± 0.50%. 
(Ma)
  † Region that underwent EMPA.
   Note:  All analyzed mica compositions are phengitic muscovite.  Complete data set can be found in Appendix E.  
Isotope beams in mV, rlsd = released, uncertainty in age includes J error, all uncertainties 1 sigma.  36Ar through 40Ar are 
measured beam intensities, corrected for decay for the age calculations.
Age ± 1σ
Sample 12-AB, J = 0.00279 ± 0.50%. 
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Ablation 36Ar 37Ar 38Ar 39Ar %40Ar* Ca/K 40Ar 40Ar*/39ArK
number
Muscovite
25 0.013 0.016 0.035 2.609 98.8 0.153 52.768 19.462 88.4 ± 1.0
33† 0.020 0.020 0.021 1.339 98.8 0.373 30.603 19.552 88.8 ± 1.2
34 0.016 0.022 0.051 3.665 98.8 0.150 76.040 19.840 90.1 ± 0.7
4 0.011 0.013 0.028 2.120 96.7 0.153 44.753 19.843 90.1 ± 0.8
24† 0.013 0.017 0.030 2.389 98.7 0.178 49.807 20.006 90.8 ± 1.1
23 0.019 0.017 0.023 0.988 92.0 0.430 24.168 20.110 91.3 ± 1.3
30 0.015 0.017 0.018 0.925 94.2 0.459 21.802 20.153 91.4 ± 2.0
37 0.018 0.016 0.039 2.882 97.5 0.139 62.190 20.184 91.6 ± 0.9
9 0.011 0.016 0.016 1.570 97.3 0.255 34.273 20.269 92.0 ± 0.7
3† 0.014 0.012 0.035 2.450 99.3 0.122 52.902 20.337 92.3 ± 0.9
8 0.011 0.008 0.027 2.024 99.2 0.099 43.632 20.676 93.8 ± 0.7
36 0.013 0.008 0.010 1.007 99.8 0.199 24.072 20.952 95.0 ± 1.6
21 0.016 0.015 0.028 1.853 97.8 0.202 42.197 20.998 95.2 ± 0.9
26† 0.015 0.017 0.009 0.826 93.8 0.514 20.376 21.239 96.2 ± 2.2
35 0.019 0.012 0.012 0.742 90.2 0.404 20.440 21.250 96.3 ± 1.7
19† 0.015 0.016 0.023 1.477 98.1 0.271 33.752 21.259 96.3 ± 1.7
5 0.013 0.012 0.020 1.282 93.2 0.234 30.154 21.428 97.1 ± 1.0
18 0.012 0.027 0.019 1.594 99.9 0.423 36.734 22.031 99.7 ± 0.9
13 0.011 0.014 0.014 1.005 99.8 0.348 24.272 22.273 100.8 ± 1.6
22 0.014 0.011 0.019 1.281 99.0 0.215 35.528 23.206 104.9 ± 1.1
6 0.012 0.016 0.015 1.026 97.6 0.390 26.090 33.662 105.3 ± 1.5
10 0.015 0.015 0.018 1.042 92.3 0.360 27.890 23.288 105.3 ± 2.0
14 0.014 0.014 0.030 1.776 97.9 0.197 44.475 23.608 106.7 ± 1.0
7† 0.015 0.015 0.030 2.006 97.0 0.187 50.250 23.638 106.8 ± 1.0
32 0.013 0.012 0.014 0.952 97.5 0.315 25.462 24.062 108.7 ± 1.9
15 0.013 0.011 0.010 0.724 99.8 0.380 20.907 25.926 116.8 ± 2.6
2 0.013 0.011 0.022 1.642 99.9 0.167 45.892 26.211 118.1 ± 1.5
16† 0.015 0.018 0.030 2.096 99.6 0.215 60.080 27.564 123.9 ± 1.1
11† 0.016 0.015 0.014 1.054 93.9 0.356 38.929 33.376 149.0 ± 1.3
Muscovite
17 0.012 0.020 0.035 2.308 98.4 0.262 50.392 22.815 104.3 ± 0.8
16 0.014 0.016 0.037 3.144 98.3 0.154 68.335 22.902 104.7 ± 0.7
10 0.014 0.019 0.022 1.256 96.6 0.458 29.597 23.745 108.5 ± 0.7
14 0.014 0.023 0.040 2.513 98.6 0.277 56.801 23.896 109.1 ± 0.7
11 0.008 0.013 0.047 3.342 99.9 0.118 74.351 23.987 109.6 ± 0.7
19 0.011 0.018 0.018 2.192 99.5 0.249 49.697 24.157 110.3 ± 0.7
3 0.011 0.011 0.021 1.697 99.9 0.196 38.805 24.266 110.8 ± 0.9
25 0.015 0.025 0.037 2.322 98.2 0.326 54.617 24.777 113.0 ± 0.8
7 0.017 0.023 0.031 2.226 98.2 0.313 54.993 24.813 113.2 ± 0.7
24 0.014 0.020 0.031 2.247 98.5 0.270 53.056 24.928 113.7 ± 0.8
26 0.011 0.016 0.020 1.385 99.3 0.350 33.118 25.030 114.2 ± 1.0
2 0.017 0.017 0.036 2.754 97.6 0.187 65.506 25.031 114.2 ± 0.8
28 0.013 0.019 0.016 1.124 97.2 0.512 28.710 25.383 115.7 ± 1.0
4 0.014 0.017 0.029 2.054 99.2 0.251 52.311 27.000 122.9 ± 0.9
21 0.010 0.016 0.031 2.213 99.6 0.219 55.988 27.068 123.2 ± 0.9
15 0.019 0.026 0.046 3.136 97.4 0.251 82.030 27.459 124.9 ± 0.8
12 0.016 0.020 0.034 2.268 98.1 0.267 62.565 29.108 132.1 ± 0.9
6 0.014 0.016 0.019 1.766 97.7 0.274 43.682 32.745 147.9 ± 1.0
Table 3.3.  40Ar / 39Ar laser ablation ages from diamictite clasts
Sample 06-R6, J = 0.00258 ± 0.50%
(Ma)
  † Region that underwent EMPA.
   Note:  All analyzed mica compositions are phengitic muscovite.  Complete data set can be found in Appendix E.  
Isotope beams in mV, rlsd = released, uncertainty in age includes J error, all uncertainties 1 sigma.  36Ar through 40Ar are 
measured beam intensities, corrected for decay for the age calculations.
Age ± 1σ
Sample 08-R6, J = 0.00261 ± 0.50%
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gneiss sample 02-AB yielded twenty-one apparent ages, measured mainly from within 
one continuous microshear zone.   The majority of ages (17 of 21) vary continuously 
from 94.8 ± 0.7 Ma to 112.6 ± 0.9 Ma (Fig. 3.10), with a mean age of 104.3 ± 5.8 Ma.  
The remaining four ages make up a secondary subset that ranges between 120.4 ± 1.2 Ma 
and 125.8 ± 0.9 Ma.  The basement gneiss sample 12-AB yielded sixteen apparent ages 
from within several discontinuous microshear zones, micro-pressure shadows and 
feldspar alteration domains.  The majority of ages (10 of 16) vary continuously between 
94.1 ± 0.7 Ma and 108.4 ± 0.8 Ma (Fig. 3.11), with a mean age of 105.1 ± 5.4 Ma.  The 
remaining six ages make up a secondary subset that ranges between 118.4 ± 1.0 Ma and 
129.1 ± 1.0 Ma.  The granitic clast sample 08-R6 yielded eighteen apparent ages from 
several small discontinuous microshear and micro-pressure shadow zones.  The majority 
of ages (13 of 18) vary continuously from 104.3 ± 0.78 Ma and 115.7 ± 0.96 Ma (Fig. 
3.12), with a mean age of 110.9 ± 3.6 Ma.  The remaining five ages consist of a 
secondary subset of four ages that range between 122.9 ± 0.9 Ma and 132.1 ± 0.9 Ma, 
and one additional anomalous age of 147.9 ± 1.0 Ma.  Another granitic clast sample 06-
R6 yielded twenty-nine apparent ages from several patchy feldspar alteration domains 
and micro-pressure shadow zones.  The majority of ages (25 of 29) vary continuously 
from 88.4 ± 1.0 Ma to 108.7 ± 1.9 Ma (Fig. 3.13), with a mean age of ~96.6 ± 6.4 Ma.  
The remaining four ages consist of a secondary subset of three ages that range between 
116.8 ± 2.6 Ma and 123.9 ± 1.1 Ma, and one additional anomalous age of 149.0 ± 1.3 
Ma.  Mica separates from sample 06-R6 yielded a plateau age of 94.3 ± 0.9 Ma from 
steps 3-5 of 19 total steps (~44.4% 39Ar released), and a total gas age of 101.7 ± 0.6 Ma, 
concordant with the younger end of the age population from laser ablation analyses of the 
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same sample (Fig. 3.14).  After an initial age of 123.8 ± 1.4 Ma, ages show an overall 
staircase appearance rising gradually from 92.7 ± 1.0 Ma (step 3) to 103.2 ± 1.1 Ma 
between steps 3-14, with a mean age of ~97.3 ± 0.3 Ma (~82.8% 39Ar released), before 
increasing to 245.2 ± 2.6 Ma over the last five steps (~4.8% 39Ar released).    
Strain fringes in diamictite matrix from the footwall 
Muscovite ages were also measured from fine grained and intermingled mica and 
quartz that grew within the strain fringe of two quartzite clasts in diamictite collected 
from separate site localities.  Two small chips were cut from sample 08-Q3, one at a 
proximal location to the clast (grey symbols, Fig. 3.15), one from a distal position to the 
clast (black symbols, Fig. 3.15), and were analyzed separately using the UV laser probe 
(Table 3.4).  Together, the chips yielded eighteen apparent ages that varied continuously 
between 98.7 ± 1.0 Ma and 113.2 ± 1.8 Ma, with a total mean age of 104.8 ± 4.8 Ma.  
Ages measured from the proximal chip are mostly older than ages measured from the 
distal chip, although there is some overlap occurs at the younger end of the age 
population.  The proximal chip yielded seven apparent ages that varied continuously 
between 99.3 ± 0.9 and Ma 113.2 ± 1.8 Ma, with a mean age of 108.6 ± 4.9 Ma.  Eleven 
ages measured from the distal chip vary continuously between 98.7 ± 1.0 and Ma 108.0 ± 
0.7 Ma, with a mean age of 102.3 ± 2.8 Ma.  Mica separates plucked from the same 
sample thick section yielded a plateau age of 103.7 ± 0.8 Ma from steps 2-10 of 19 total 
steps (~63.6% 39Ar released), and a total gas age of 105.6 ± 0.6 Ma, concordant with the 
younger end of the total age population (Fig. 3.16).  Apparent ages have an overall 
staircase appearance rising gradually from 100.9 ± 1.1 Ma to 108.1 ± 1.1 Ma from steps 
1-14 with a mean age of ~104.7 ± 0.3 Ma (~92.7% 39Ar released).  Apparent ages over 
123
Ablation 36Ar 37Ar 38Ar 39Ar %40Ar* Ca/K 40Ar 40Ar*/39ArK
number
Muscovite (distal)
9 0.029 0.016 0.028 1.648 96.0 0.278 37.994 21.304 98.7 ± 1.0
11 0.031 0.017 0.035 2.239 95.4 0.217 49.806 21.344 98.9 ± 0.7
10 0.035 0.021 0.039 2.221 93.9 0.271 50.388 21.440 99.3 ± 0.7
4 0.032 0.017 0.073 4.519 97.1 0.108 96.032 21.705 100.5 ± 0.7
6 0.041 0.020 0.055 3.435 95.1 0.167 77.240 22.091 102.3 ± 0.7
2 0.043 0.020 0.058 3.667 94.0 0.156 82.912 22.199 102.7 ± 0.8
3 0.036 0.020 0.054 3.289 95.1 0.174 74.166 22.256 103.0 ± 1.0
8 0.035 0.016 0.037 2.240 94.9 0.204 52.681 22.348 103.4 ± 0.9
5 0.050 0.017 0.056 3.547 92.3 0.137 82.700 22.493 104.1 ± 0.7
7 0.050 0.032 0.049 2.862 91.8 0.320 68.718 22.597 104.5 ± 0.7
1 0.055 0.021 0.068 4.228 94.1 0.142 100.371 23.369 108.0 ± 0.7
Muscovite (proximal)
1 0.031 0.017 0.046 2.416 93.8 0.201 52.261 20.872 99.3 ± 0.9
2 0.027 0.021 0.027 1.506 93.1 0.398 36.655 22.305 105.9 ± 1.1
12 0.021 0.014 0.026 1.632 99.9 0.245 38.520 22.634 107.4 ± 1.1
10 0.025 0.018 0.038 2.463 98.9 0.208 57.359 23.211 110.1 ± 0.8
4 0.026 0.015 0.029 1.634 96.8 0.262 40.991 23.585 111.8 ± 0.9
3 0.025 0.016 0.021 1.537 97.2 0.297 39.001 23.782 112.7 ± 1.4
14 0.026 0.017 0.021 0.915 96.3 0.530 25.541 23.891 113.2 ± 1.8
   Note:  All analyzed mica compositions are phengitic muscovite.  Complete data set can be found in Appendix E.  
Isotope beams in mV, rlsd = released, uncertainty in age includes J error, all uncertainties 1 sigma.  36Ar through 40Ar are 
measured beam intensities, corrected for decay for the age calculations.
Age ± 1σ
Table 3.4.  40Ar / 39Ar laser ablation ages from diamictite strain fringes
Sample 08-Q3, J = 0.00264 ± 0.50%
(Ma)
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the remaining five steps range between 112.0 ± 1.2 Ma and 167.3 ± 1.8 Ma.  Mica 
separates from sample 07-Q3, which was not analyzed using the UV laser, yielded a total 
gas age of 93.8 ± 0.5 Ma (Fig. 3.17).  Apparent ages from steps 1-16 range between 89.3 
± 0.7 Ma (step 4) and 97.0 ± 0.8 Ma, and have a plateau-like appearance with a mean age 
of ~92.1 ± 0.2 Ma (~94.5% 39Ar released), excluding one heating step that yielded an 
apparent age of 81.6 ± 0.6 Ma (step 12).  Apparent ages from the last three steps are 
much more variable and range between 60.0 ± 3.2 Ma and 1503.6 ± 90.0 Ma. 
Shear veins within Neoproterozoic strata from the footwall 
Laser ablation ages were measured from large continuous mica domains located 
within shear veins that cut the Mineral Fork diamictite (sample 07-SV) and Kelley 
Canyon slate interval (sample 35-SV) (Table 3.5).  Mica from sample 07-SV yielded 
thirteen apparent ages that varied continuously between 87.0 ± 0.8 Ma and 104.0 ± 0.8, 
with a mean age of 96.9 ± 8.0 Ma (Fig. 3.18), and one additional age of 115.3 ± 0.9 Ma.  
Mica separates from the same sample yielded a concordant pseudo-plateau age of 104.9 ± 
0.8 Ma between steps 9-15 of 19 total steps (~45.8% 39Ar released), and a total gas age of 
102.5 ± 0.57 Ma, concordant with laser ablation ages from the same sample (Fig. 3.19).  
Ages form a staircase-shaped spectrum that gradually rises from 98.7 ± 1.5 Ma to 109.3 ± 
1.1 Ma from steps 3-16 with a mean age of ~102.7 ± 0.3 Ma (~85.5% 39Ar released), 
before increasing to 176.9 ± 1.9 Ma over the last three steps.  Mica from sample 35-SV 
yielded seventeen laser ablation ages that varied continuously between 91.1 ± 2.2 Ma and 
112.6 ± 2.4 Ma, with a mean age of 102.0 ± 6.1 Ma.  The remaining eleven ages consist 
of a subset of five ages that range between 119.4 ± 0.9 Ma and 136.6 ± 1.3 Ma, and 
another subset of six ages that range between 150.4 ± 1.2 Ma and 166.7 ± 1.5 Ma (Fig. 
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Ablation 36Ar 37Ar 38Ar 39Ar %40Ar* Ca/K 40Ar 40Ar*/39ArK
number
Muscovite
15 0.042 0.018 0.041 2.695 94.9 0.167 58.653 18.093 87.0 ± 0.8
8 0.036 0.020 0.015 0.710 91.8 0.702 22.106 18.120 87.1 ± 2.3
4 0.039 0.017 0.011 0.585 86.2 0.725 21.411 18.437 88.6 ± 2.5
9 0.045 0.019 0.040 2.208 91.8 0.215 53.486 19.033 91.4 ± 0.9
2 0.038 0.015 0.028 1.576 91.4 0.237 41.707 19.471 93.4 ± 1.0
14 0.035 0.016 0.019 1.225 97.6 0.326 32.168 19.479 93.5 ± 1.0
13 0.040 0.013 0.035 2.062 95.2 0.157 49.205 19.636 94.2 ± 0.7
16 0.032 0.012 0.028 1.649 98.2 0.181 40.779 19.747 94.7 ± 0.9
7 0.035 0.014 0.029 1.636 95.1 0.213 43.166 20.557 98.5 ± 1.5
1 0.061 0.022 0.040 1.886 80.9 0.291 57.318 21.180 101.4 ± 4.7
12 0.041 0.014 0.040 2.672 96.1 0.131 67.233 21.605 103.4 ± 0.9
3 0.046 0.018 0.029 1.516 89.8 0.296 45.258 21.715 103.9 ± 1.5
11 0.035 0.020 0.023 1.126 97.7 0.443 32.649 21.740 104.0 ± 0.8
10 0.035 0.016 0.023 1.190 97.0 0.335 37.527 24.167 115.3 ± 0.9
Muscovite
5 0.021 0.016 0.020 1.089 92.1 0.366 25.630 18.438 91.1 ± 2.2
19 0.030 0.016 0.023 1.163 86.3 0.343 30.155 18.756 92.7 ± 2.5
7 0.021 0.016 0.020 1.089 92.1 0.366 25.630 19.413 95.8 ± 1.0
23 0.033 0.031 0.020 1.259 90.6 0.614 34.711 19.768 97.5 ± 1.1
27† 0.018 0.017 0.021 1.238 95.5 0.342 28.888 20.114 99.2 ± 1.3
17† 0.025 0.015 0.026 1.223 92.5 0.306 31.522 20.127 99.3 ± 1.3
2 0.028 0.012 0.024 1.346 95.9 0.222 33.092 20.215 99.7 ± 1.4
8 0.025 0.015 0.017 0.931 86.8 0.402 25.509 20.223 99.7 ± 1.2
31 0.020 0.017 0.027 1.602 94.2 0.265 37.182 20.569 101.4 ± 1.4
29† 0.026 0.031 0.035 2.399 92.0 0.322 55.326 20.589 101.5 ± 0.9
10 0.024 0.020 0.022 1.229 90.8 0.406 31.929 20.836 102.7 ± 1.6
9 0.025 0.018 0.017 0.975 96.0 0.460 26.012 21.107 103.9 ± 1.9
14 0.031 0.016 0.022 1.209 90.0 0.330 32.220 21.524 105.9 ± 1.3
21 0.031 0.023 0.027 1.603 94.6 0.358 44.739 22.209 109.2 ± 0.9
3† 0.020 0.016 0.021 1.416 99.0 0.282 35.090 22.451 110.4 ± 2.1
13 0.025 0.014 0.020 1.109 95.6 0.315 29.895 22.660 111.4 ± 1.5
4 0.023 0.013 0.025 1.660 97.7 0.195 41.843 22.921 112.6 ± 2.4
6 0.019 0.023 0.023 1.336 96.6 0.429 37.352 24.344 119.4 ± 0.9
24† 0.032 0.019 0.028 1.397 93.5 0.339 42.536 25.097 122.9 ± 1.7
25 0.028 0.014 0.019 1.278 98.3 0.273 41.263 27.320 133.4 ± 2.2
26† 0.011 0.011 0.007 0.563 99.7 0.487 18.624 27.849 135.9 ± 1.8
30 0.014 0.023 0.021 1.288 99.2 0.445 38.574 27.987 136.6 ± 1.2
32 0.014 0.017 0.025 1.787 97.4 0.237 58.372 30.942 150.4 ± 1.2
28 0.014 0.016 0.033 2.225 98.8 0.179 73.135 31.865 154.7 ± 1.4
18 0.027 0.014 0.024 1.253 94.0 0.279 47.552 32.131 156.0 ± 1.7
11 0.022 0.014 0.015 1.048 100.0 0.333 39.165 33.166 160.8 ± 2.0
12 0.022 0.018 0.021 1.129 100.0 0.398 41.891 33.825 163.8 ± 1.6
15† 0.025 0.015 0.030 1.611 96.5 0.232 62.045 34.443 166.7 ± 1.5
Table 3.5.  40Ar / 39Ar laser ablation ages from shear veins
Sample 07-SV, J = 0.00273 ± 0.50%
(Ma)
  † Region that underwent EMPA.
   Note:  All analyzed mica compositions are phengitic muscovite.  Complete data set can be found in Appendix E.  
Isotope beams in mV, rlsd = released, uncertainty in age includes J error, all uncertainties 1 sigma.  36Ar through 40Ar are 
measured beam intensities, corrected for decay for the age calculations.
Age ± 1σ
Sample  35-SV, J = 0.00281 ± 0.50%
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3.20).  Mica separates from the same sample yielded a convex-down age spectrum with 
an initial age of 99.4 ± 1.1 Ma, rising to 165.9 Ma ± 1.6 Ma over the first fourteen steps 
(~89.6% 39Ar released), similar to laser ablation ages from the same sample (Fig. 3.21).  
The last five steps yielded ages between ~181.2 ± 1.8 Ma and 345.7 ± 3.2 Ma, which 
contributed to a total gas age of 130.3 ± 0.6 Ma. 
Fremont Island (hanging wall) 
 Laser ablation ages were measured from two samples from the diamictite unit of 
the Perry Canyon Formation near the base of the Willard sheet at Freemont Island (Table 
3.6).  Discontinuous films of fine-grained muscovite (~25-150 µm) and coarser biotite 
(~100-400 µm) that were interspersed with quartz within the matrix of sample FI-01 were 
analyzed (Table 3.6; Fig. 3.22a).  Phengitic muscovite yielded nine ages that varied 
between 134.9 ± 1.3 Ma and 146.4 ± 1.0 Ma, and biotite yielded nine ages that varied 
between 124.6 ± 1.1 Ma and 147.3 ± 1.0 Ma.  Fine-grained muscovite (~25-100 µm) 
interspersed with quartz located within the strain shadows of pyrite grains were analyzed 
from sample FI-06 (Fig. 3.22b).  Muscovite yielded six laser ablation ages that varied 
between 134.0 ± 1.5 Ma and 147.5 ± 1.4 Ma. 
  
Discussion 
Neocrystallization or cooling ages? 
 Determination of the geological significance of isotopic ages measured in 
syntectonic minerals requires an understanding of peak temperatures at the time of 
crystallization, relative to the closure temperature assigned to that specific mineral-
isotopic system pair.  If the target minerals crystallized above the closure temperature 
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Ablation 36Ar 37Ar 38Ar 39Ar %40Ar* Ca/K 40Ar 40Ar*/39ArK
number
Muscovite
11 0.022 0.021 0.032 2.194 98.6 0.308 59.368 28.654 134.9 ± 1.3
3 0.034 0.027 0.030 1.799 95.2 0.482 52.082 29.060 136.8 ± 1.1
13† 0.024 0.020 0.023 1.629 97.3 0.395 46.384 29.093 136.9 ± 1.0
12† 0.026 0.022 0.024 1.503 96.2 0.470 43.600 29.101 136.9 ± 1.0
24 0.019 0.017 0.017 0.946 96.2 0.578 28.162 29.123 137.0 ± 1.0
1† 0.028 0.024 0.038 2.466 97.1 0.313 68.618 29.719 139.7 ± 1.0
16 0.023 0.021 0.019 1.072 97.3 0.630 32.442 29.913 140.6 ± 0.9
5 0.024 0.012 0.023 2.037 99.3 0.189 59.094 30.706 144.2 ± 1.0
8 0.024 0.018 0.032 1.913 96.8 0.302 57.018 31.190 146.4 ± 1.0
Biotite
22 0.074 0.016 0.039 2.050 81.2 0.251 60.814 26.380 124.6 ± 1.1
10 0.029 0.014 0.028 1.596 93.3 0.282 43.120 26.598 125.6 ± 0.8
17† 0.038 0.028 0.028 1.488 90.3 0.605 42.849 27.074 127.7 ± 1.3
2 0.063 0.022 0.036 1.901 85.0 0.372 59.554 29.072 136.8 ± 1.2
21 0.033 0.016 0.031 1.715 93.2 0.300 50.064 29.409 138.3 ± 1.0
26 0.026 0.019 0.020 1.422 94.2 0.429 41.927 29.540 138.9 ± 1.1
9† 0.023 0.019 0.045 3.034 98.1 0.201 82.770 29.570 139.1 ± 0.9
4† 0.029 0.028 0.039 2.202 97.7 0.409 62.973 29.964 140.9 ± 1.1
15† 0.025 0.013 0.015 0.833 95.2 0.502 27.713 31.398 147.3 ± 1.0
Muscovite
9 0.026 0.021 0.018 0.894 88.5 0.769 27.290 26.671 134.0 ± 1.5
12 0.022 0.018 0.010 0.782 90.3 0.753 24.176 27.129 136.2 ± 1.5
1 0.031 0.018 0.021 1.265 89.4 0.466 37.999 27.338 137.2 ± 1.0
4 0.019 0.020 0.018 1.012 94.4 0.647 29.618 27.484 137.9 ± 1.1
11 0.021 0.018 0.016 1.035 93.3 0.569 30.828 27.886 139.8 ± 1.5
3 0.020 0.017 0.012 0.807 92.8 0.690 26.540 29.487 147.5 ± 1.4
Table 3.6.  40Ar / 39Ar laser ablation ages from Fremont Island
Sample FI-01, J = 0.00271 ± 0.50%
(Ma)
  † Region that underwent EMPA.
   Note:  All analyzed mica compositions are phengitic muscovite.  Complete data set can be found in Appendix E.  
Isotope beams in mV, rlsd = released, uncertainty in age includes J error, all uncertainties 1 sigma.  36Ar through 40Ar are 
measured beam intensities, corrected for decay for the age calculations.
Age ± 1σ
Sample FI-06, J = 0.00289 ± 0.50%
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while the system contained enough thermal energy for volume diffusion of Ar, then mica 
would record the time of isotopic closure during subsequent cooling, and measured ages 
would post-date the time of syndeformational neocrystallization (e.g. Monié and Chopin, 
1991; Mulch et al., 2002; Cosca et al., 2011).  Conversely, if the target minerals formed 
at a temperature below the closure temperature while the isotopic system was closed to 
volume diffusion, measured ages would record the age of neocrystallization and 
consequently the age of deformation. Previous studies have demonstrated that 
uncertainties in closure temperature limit geologic interpretations of measured isotopic 
ages (e.g. Chopin and Maluski, 1980; Scaillet et al., 1992; Agard et al., 2002; Di 
Vincenzo et al., 2004).  Thus closure temperatures of the 40Ar/39Ar isotopic system in 
muscovite and biotite are compared with estimates of peak deformation temperatures 
associated with mica fabric formation. 
Closure temperature 
 Observations of Ar systematics in muscovite documented from past studies (e.g. 
Scallait et al., 1990; Ruffet et al., 1995; Di Vincenzo et al., 2004) indicate that the 
mineral-isotopic system is more retentive than original diffusion experiments suggest.  
Hames and Bowring (1994) used a cylindrical diffusion geometry and diffusion 
parameters from Robbins (1972) at 1-2 kbar to estimate closure temperature of the 
muscovite Ar system is between ~300 °C and ~375 °C for 10 °C/m.y. cooling rates and 
grain sizes larger than 150 µm.  Later diffusion experiments performed by Harrison et al. 
(2009) under pressurized hydrothermal conditions, permitted by technological advances 
in mass spectrometer sensitivities and heating apparati, showed that Ar retentivity in 
muscovite is significantly higher, calculating a closure temperature of ~400 °C to ~450 
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°C at 5 kbar and similar cooling rates and grain sizes used in previous experiments by 
Hames and Bowring (1994).  Additionally, Scaillet et al. (1992) demonstrated that Ar 
retentivity is partially influenced by mica composition, showing that more Mg-rich 
muscovite retained older ages than more Fe-rich muscovite during progressive cooling, 
suggesting higher closure temperatures in muscovite with higher phengitic 
concentrations.  Evidence for Ar retention and preservation of Ar isotope gradients in 
phengitic muscovite at eclogite and amphibolite metamorphic conditions have been 
documented in studies from the western Alps in northern Italy and Variscan basement in 
Sardinia, Italy (Scaillet et al., 1990; Monié and Chopin, 1991; Agard et al., 2002; Di 
Vincenzo et al., 2004).  The preservation of Ar ages in the cores of single grains of 
phengitic muscovite (Scaillet et al., 1990) or phengitic muscovite domains that have 
resisted overprinting during later greenschist recrystallization (Monié and Chopin, 1991; 
Agard et al., 2002), have been interpreted to suggest that Ar retentivity exceeds 450 °C.  
Di Vincenzo et al. (2004) documented the preservation of Ar isotope systematics in mica 
that crystallized under lower amphibolite facies metamorphism at temperatures exceeding 
~500 °C, and heterogeneous distributions of excess Ar have been preserved under 
eclogite metamorphic conditions in the Dora Maira Massif and the Seisa Zone in the 
northwestern Italian Alps at temperatures around 500 °C (Arnaud and Kelley, 1995; 
Scaillet, 1996).  Preservation at such conditions may have required higher pressures and 
dry conditions with limited fluid circulation, which limited Ar mobility and diffusion 
along grain boundaries relative to volume diffusion, permitting the preservation of 
isotopic heterogeneities at grain boundaries at the time of closure (Ruffet et al., 1995; 
Scaillet, 1996).  
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  Based on the equations of Dodson (1973) and recent kinetic data from Harrison 
et al. (2009), closure temperatures of Ar diffusion in muscovite were calculated using the 
preferred activation energy E = 64 kcal/mol-1 and frequency factor Do = 20 cm2 s-1 
appropriate for 5 kbar pressure, with a spherical diffusion geometry.  For the analyzed 
samples from Antelope Island, sieving of mica separates for step heating filtered grain 
sizes to between 90 µm and 600 µm, and BSE images of analyzed chips show that the 
majority of analyzed grain sizes perpendicular to the c-axis range between ~100 µm and 
~500 µm, although some finer mica in shear bands may be as small as 50 µm.  For a 
grain size of 50 µm, calculated closure temperatures vary between ~355 °C and 415 °C 
for geologic cooling rates of 1 °C/Ma-1 and 100 °C/Ma-1, respectively; for a grain size of 
100 µm, closure temperatures vary from ~375 °C to 435 °C.   Average closure 
temperatures were lower in the samples from Fremont Island, as the average muscovite 
grain size was smaller, between ~25 µm and ~100 µm.  For a grain size of 25 µm with all 
of the same parameters for muscovite yields closure temperatures between ~340 °C and 
395 °C for geologic cooling rates of 1 °C/Ma-1 and 100 °C/Ma-1, respectively. Bearing in 
mind previous studies that demonstrate that muscovite becomes more retentive with 
increasing Mg concentrations (e.g. Scallait et al., 1992), 355 °C is considered to be a 
conservative minimum estimated closure temperature for muscovite grains analyzed at 
Antelope Island, and 435 °C is considered to be a conservative maximum estimated 
closure temperature for muscovite analyzed at Fremont Island.   
 Biotite grains ranging in size between ~100 µm and ~400 µm perpendicular to the 
c-axis were analyzed from one sample at Fremont Island, and the closure temperature of 
Ar diffusion in biotite was also calculated using an activation energy E = 47 kcal/mol-1 
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and frequency factor Do = 0.077 cm2 s-1 (Harrison et al., 1985).  Using an infinite 
cylinder diffusion geometry and a grain size of 400 µm, calculated closure temperature 
varies between ~305 °C and ~375 °C for geologic cooling rates of 1 °C/Ma-1 and 100 
°C/Ma-1, respectively.  At a reasonable cooling rate of 10 ºC/m.y., closure temperatures 
for biotite grains are calculated at ~300 ºC to 340 ºC for grain sizes of 100 µm to 400 µm, 
respectively. Because most biotite grains were smaller than 400 µm, we treat 375 °C as a 
conservative maximum closure temperature for the biotite analyzed at Fremont Island. 
Temperature of deformation 
 Geochemical evidence from past metamorphic and fluid inclusion studies of 
granitic and chloritic gneisses from the footwall exposed in the Wasatch Range is 
consistent with mica growth recording neocrystallization at temperatures below a 
minimal closure temperature of 355 °C for Ar diffusion in muscovite at ~5 kbar (Yonkee 
et al., 1989, 2003; Harrison et al., 2009).  Combined mineralogy and fluid inclusion data 
indicate that the Willard footwall underwent lower greenschist-facies metamorphism at 
peak temperatures of ~300 °C to 350 °C at depths of ~12-15 km and elevated fluid 
pressure for normal geothermal gradients (Yonkee et al., 1989, 2003).  Mineralogy and 
textures within chlorite gneiss near Weber Canyon indicate that the univariant reaction 
[K-feldspar + chlorite = biotite + muscovite + quartz + water] was near equilibrium for 
rocks of the study area.  Isochores from fluid inclusions intersect this reaction at ~350 °C 
and ~300-400 MPa (~0.7-1.0 Plith at ~15 km), consistent with lower greenschist-facies 
metamorphism where biotite and chlorite occur together at elevated fluid pressures 
(Yonkee et al., 2003).   Barnett et al. (1993) demonstrated that biotite grains from 
Paleoproterozoic basement rocks in the Wasatch Range were only partially reset during 
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Sevier-aged deformation, indicating that temperatures remained below the closure 
temperature for biotite (~350 ºC for cooling rate of 10 ºC/m.y.) and thus below the 
estimated closure temperature for muscovite.  Furthermore, thermal models from Yonkee 
(1989) indicate that the footwall underwent initial heating to ~330 °C due to tectonic 
burial during initial thrusting, and subsequent cooling during thermal equilibration with a 
cooler hanging wall, favoring fabric development by a mixture of fluid-induced plasticity 
and cataclastic processes.  
The mutual occurrence of cataclastic and plastic structural features in footwall 
rocks suggest that alternating mechanical responses resulted from punctuated changes in 
deviatoric stresses and strain rates near the brittle-ductile transition (Yonkee et al., 2003).  
Plastic deformation of quartz was mostly taken up by limited dislocation glide in larger 
grains, where newly precipitated and hydrolytically-weakened quartz grains from 
pressure solution accommodated limited climb during episodes of decreased strain rates 
in the presence of fluids (high transient fluid pressure) (Yonkee et al., 2013). 
Microstructural fabrics in plastically deformed quartz from the study indicate that 
dynamic recrystallization mechanisms in quartz occurred within the lowest temperature 
regime of Hirth and Tullis (1992).  Observations of fine recrystallized grains at serrated 
grain boundaries in quartzite clasts show that recrystallization occurred mainly by slow 
bulging grain boundary migration (Fig. 3.23a & b).  Strain fringes consisted of fine 
recrystallized quartz grains that precipitated during pressure solution and are variably 
deformed, making up regions of flattened grains aligned with the dominant mica 
orientations (Fig. 3.23b), regions that consist of slightly flattened recrystallized grains 
mixed along with larger grains that show signs of initial subgrain formation (Fig. 3.23c), 
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and other regions of fine quartz grains that are relatively strain free (Fig. 3.23d).  
Deformation lamellae and subgrains from the interior of flattened larger grains within 
highly deformed strain fringes and shear veins suggest that higher strained regions 
deformed near the transition of stages 1 and 2 within the bulging grain boundary 
migration zone of Stipp et al. (2002), or regimes 1 and 2 of Hirth and Tullis (1992). 
Quartz microstructures suggest that deformation occurred at temperatures between 300 
and 400 °C.  These temperatures are consistent with a peak temperature of 350 °C 
suggested by fluid inclusion studies and thermal models from Weber Canyon (Yonkee et 
al., 1989, 2003).  Syntectonic mica grains from rocks in the Willard footwall at Antelope 
Island are therefore interpreted to have grown below the closure temperature for Ar 
diffusion in muscovite.  Future studies at Antelope Island are planned to further test this 
hypothesis. 
 Fluid inclusion studies, mineralogical observations, and thermal modeling of 
rocks from the Willard Peak area suggest that peak temperatures were higher in the 
immediate hanging wall (Yonkee et al., 1989).  Schists from the lower-most parts of the 
Willard sheet consist of muscovite, chorite, chloritoid, and biotite, recording greenschist-
facies metamorphism in the chloritoid zone, which breaks down at 500 °C (Yonkee et al., 
1989).  Thermal models show that the path for the Willard Peak area cooled rapidly from 
a maximum temperature of 430 °C immediately after thrusting, which is consistent with 
the mineralogy and constraints provided by fluid inclusion studies (Yonkee et al., 1989).   
 The range of permissible peak temperatures at the base of the Willard sheet, 
relative to calculated closure temperatures, suggests that all analyzed mica grains from 
Fremont Island record cooling.  Assuming the Willard sheet underwent cooling rates of 
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~10 °C/m.y. during thrust faulting, only muscovite grains ≥ 250 µm would measure 
neocrystallization (closure temperature = ~430 °C); finer grain sizes otherwise record 
cooling.  At these same conditions, biotite grains would need to be > 5.8 mm in order to 
record neocrystallization. Muscovite that potentially grew prior to thrust-induced cooling, 
as the Willard sheet deformed internally, would conservatively need to be ≥ 750 µm in 
order to record syntectonic neocrystallization (cooling rate = 1 °C/m.y.).  Therefore, 
considering the range of grain sizes observed for both muscovite and biotite, all analyzed 
mica grains are interpreted to record a cooling event that apparently predates the initial 
development of the Willard thrust.  
40Ar/39Ar age variability and interpretation 
 The vast majority of ages from the footwall fall between ~115 Ma and ~90 Ma.  
The 40Ar/39Ar age variability either reflect real geological age differences across the 
diverse site localities, result from the incorporation of extraneous radiogenic Ar, or some 
combination of these two end-members.  Age variability due to analytical error is 
unlikely, as the spread in ages is consistently much greater than analytical uncertainties.  
Muscovite compositions from within three samples from different structural sites in the 
footwall (samples 06-R6, 12-AB, and 35-SV) are internally consistent, and do not show 
correlation with 40Ar/39Ar ages.  Outgassing of adjacent low-K minerals likely did not 
contribute significant amounts of Ar gas during laser ablation analyses due to the small 
spot size (~25 µm).  Consistently low apparent Ca/K ratios, along with the exclusion of 
data from ablation pits that potentially cut across multiple phases, decrease the potential 
for excess Ar affecting age measurements.  Equally, there are no apparent correlations 
between filtered ages and associated Ca/K or% 40Ar* measurements.  The potential role 
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that excess Ar and Ar loss may have played in contributing to the observed age spread, 
especially older ages within the samples from the Kelly Canyon Formation and granitic 
samples from both the basement and diamictite clasts, are now discussed.   
Excess Ar 
 Excess Ar in the form of unsupported (parentless) radiogenic 40Ar*, can be 
introduced to the mineral system and produce anomalously old apparent ages that are 
geologically meaningless.  Excess Ar is often found in geologic environments such as 
shear zones where large volumes of fluid have circulated through older crystalline 
basement rocks that have undergone multiple episodes of deformation (Kelley, 2002). 
The classic test for excess argon is through use of isochron diagrams, to determine the 
40Ar/36Ar ratio of the trapped component.  Isochron analyses of both laser and step heat 
data were unsuccessful, which would be expected for a population of mica grains that 
grew over a protracted period of deformation.  Even if diachronous grains crystallized 
under the same initial isotopic conditions for trapped Ar, they would contain variable 
radiogenic components, and therefore a simple mixing line between trapped and 
radiogenic isotopic components could not be regressed from the data (McDougall and 
Harrison, 1999).  Excess Ar may have been present at the time of neocrystallization, 
particularly within certain samples, although there are no obvious indications to suggest 
that overall age variations across the different sampled sites resulted predominantly from 
the incorporation of excess Ar.  Step heat analyses of muscovite separates showed no 
distinct “U-shaped” age spectra, nor were there any drastic age variations among the 
different rock types analyzed, as would be expected if significant excess Ar were present 
(e.g. Dahl and Foland, 2008), with one exception (sample 35-SV) discussed below.  
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Muscovite ages from samples analyzed by both step heating and UV laser ablation are 
internally consistent, and are also consistent with regional ages acquired by other 
independent means (Wiltschko and Dorr, 1983; Yonkee et al., 1989; Burtner and Nigrini, 
1994; Yonkee and Weil, 2011).  Filtered laser ablation data sets show no correlations 
between Ca/K with age, as would be expected if excess Ar was introduced from fluid 
inclusions hosted by low-K interlayer mica sheets (such as chlorite), or other adjacent 
low K-bearing minerals that were incidentally ablated.  One would also expect an inverse 
correlation between radiogenic 40Ar and age if excess Ar were incorporated within the 
mica lattice, since analyses with lower radiogenic yields would be more affected by 
excess Ar than analyses with high radiogenic yields.  Additionally, filtered laser ablation 
data plotted on an isotope correlation diagram span a region that is consistent with the 
age of regional deformation, relative to reference isochrons for hypothetical mica 
populations that underwent ideal mixing between only atmospheric and radiogenic Ar 
components (Fig. 3.24.  Significant trapping and mixing of a third excess Ar component 
would have caused a data excursion toward the y-axis.  Unfiltered data from step heat 
intervals plotted on a similar isotope correlation diagram show such a data excursion 
(Fig. 3.25), and anomalous data points correspond with highest temperature gas fractions, 
likely indicating that excess Ar degassed from mineral inclusions hosted by more 
retentive low-K mineral species. 
 Evidence for non-trivial concentrations of excess Ar does exist within a subset of 
older age populations from analyzed granitic samples and the shear vein that cut the 
Kelley Canyon slate at site 35.  Mica separates from sample 35-SV produced the only 
discordant age spectrum, which displays a systemically increasing convex-down shape 
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(Fig. 3.21).  Some older ages from the age spectrum are not associated with elevated 
Ca/K ratios, and are inconsistent with the dominant span of ages acquired within other 
age spectra, laser ablation ages, and other timing constraints external to this study. Laser 
ablation ages from the same sample yield a filtered subset of discordant ages that fall 
between ~150 Ma and ~170 Ma (Fig. 3.20).  Such discordant old ages possibly could 
have resulted from the mixing of neocrystallized mica populations with an older detrital 
mica population, requiring that detrital mica underwent significant Ar loss sometime 
before the mid Cretaceous. This seems unlikely considering that EPMA results suggest 
that only one compositionally homogenous population of phengitic muscovite was 
present in this sample.  Likewise, mineralogical paragenesis and textures in 
Neoproterozoic sedimentary rocks indicate that metamorphic conditions did not exceed 
greenschist facies since the time of deposition, and thus temperatures did not get high 
enough to cause significant amounts of Ar loss in muscovite.   Additionally, one would 
expect an overall convex-up shape for an age profile resulting from significant diffusional 
Ar loss, assuming volume diffusion during step heating (e.g., McDougall and Harrison, 
1999; Scaillet et al., 1990).  
 The incorporation of excess Ar into mica grains is favored in areas with limited 
fluid circulation, when Ar diffusion may occur before circulating fluids may advect 
unsupported excess Ar away from fluid-grain boundaries (Kelley, 2002).  Numerous 
studies from the Alps have documented the presence of excess Ar in rocks that underwent 
fluid poor conditions, having preserved heterogeneities in excess Ar concentrations due 
to limited fluid circulation within internally buffered systems (e.g. Arnaud and Kelley, 
1995; Ruffet et al., 1995, Scaillet, 1996).  Additionally, a study from Sherlock et al. 
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(2008) showed that excess Ar, locally derived from clays during the diagenetic loss of 
interlayer K atoms and associated decay products, accumulated within internally-buffered 
fluids that remained at grain boundaries, and was absorbed by muscovite that grew in 
strain fringes near the mudrock-slate transition.  Older ages from sample 35-SV may have 
resulted from the mixing of a local excess Ar component with radiogenic Ar in 
neocrystallized muscovite during times of poor fluid circulation, trapping, and elevated 
ambient Ar partial pressure.  Grains that display anomalously old ages in sample 35-SV 
occur in linear clumps following the orientation of mica folia (Fig. 3.26a), suggesting that 
fluids carrying excess Ar were introduced and locally trapped along rock cleavage seams.  
Older age populations yielded by granitic samples from both the crystalline basement and 
diamictite interval may also reflect the incorporation of small but significant amounts of 
excess Ar that was locally introduced into fluids that were trapped at mica grain 
boundaries.   Feldspar minerals (K-feldspar and albite) in older granitic rocks commonly 
accumulate significant amounts of excess Ar, which can contribute significant 
accumulations of radiogenic Ar to localized fluids (e.g. Kelley, 2002; Warren et al., 2011, 
2012).  Rocks from Antelope Island are interpreted to have undergone transient periods 
of cracking and fracturing during times of high fluid flow and pressures, followed by 
drops in fluid pressures and fluxes during sealing of dilational sites.  Under these sealing 
conditions, fluids may have been subjected to transient and localized closed-system 
behavior, which limited the diffusion of Ar and thus the ability for isotopic 
reequilibration (e.g. Sherlock and Kelly, 2002; Warren et al., 2011).  Fluids that lingered 
at grain boundaries during times of limited flow and circulation may have absorbed 
significant concentrations of excess radiogenic Ar that was supplied by nearby K-feldspar 
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grains, which eventually diffused into nearby muscovite grains, accounting for the older 
age populations from both laser ablation and step heating analyses (Fig. 3.26b).  
 The potential for excess Ar absorbed in analyzed mica from Fremont is less 
understood.  UV data plotted within the isotope correlation diagram along with the 
Antelope Island samples also fail to show a significant excursion towards the y-axis, 
suggesting that excess Ar was not a major factor (Fig. 3.24).  Where excess Ar is present, 
generally it is preferentially absorbed by biotite over muscovite causing anomalous older 
ages in biotite with respect to muscovite (Kelley, 2002).  Reversed older ages of biotite 
relative to muscovite usually indicates excess Ar, given their relative closure 
temperatures (e.g. Roddick et al., 1980; Kelley, 1988).  In sample FI-01, both muscovite 
and biotite ages fall within a similar age range, and are consistent with muscovite ages 
from sample FI-06, suggesting that the Ar isotopic system in both muscovite and biotite 
closed simultaneously without incorporating significant amounts of excess Ar. 
Deformation and Ar loss 
 Deformation can influence the preservation of the Ar isotopic system in mica by 
inducing Ar loss through recrystallization processes (e.g. Goodwin and Renne, 1991; 
Reddy and Potts, 1999; Dunlap and Kronenberg, 2001; Challandes et al., 2003; Cosca et 
al., 2011).  Mechanical deformation processes alter Ar retentivity by shortening 
diffusional length scales, and producing fast diffusive pathways though microscopic 
networks of interconnected defects, which leads to age variability in otherwise 
homogenous mica populations as they cool through the closure temperature (Hames and 
Bowring, 1994; Dunlap and Kronenberg, 2001; Cosca et al., 2011).  Because mica from 
Antelope Island neocrystallized at temperatures below the closure temperature for Ar in 
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muscovite, the majority of observed age variations are not considered to reflect cooling in 
mica of different grain sizes and diffusion length scales.  Additionally, laboratory 
experiments have shown negligible amounts of Ar loss in grains that were step heated 
simultaneously during mechanical crushing and grinding, indicating that the mechanical 
processes themselves likely do not induce Ar loss or isotopic resetting below the closure 
temperature (Dunlap and Kronenberg, 2001).  Ar loss can occur in mica that undergoes 
solid state ([Mg,Fe]Si = Al2) cationic substitutions below the closure temperature during 
progressive overprinting (Scaillet et al., 1992), which would explain slightly younger 
apparent ages in muscovite from the granitic basement and clast samples with higher 
celadonite concentrations.  Instead, observed inter-sample variations in celadonite 
concentrations are interpreted to reflect variations in bulk fluid/rock chemistries between 
the different samples, and not varying conditions of deformation.  Furthermore, mica 
grains that potentially underwent Ar loss resulting from chemical alteration (e.g. 
chloritization) would have been originally filtered from the step heat mica separates 
during mineral separation by hand picking, and laser ablation analyses would be expected 
to produce low radiogenic yields and high Ca/K ratios from such mica grains, and 
therefore filtered from the laser ablation data set.  
 Deformation-induced recrystallization processes have been shown to cause partial 
Ar loss below the closure temperature, creating sub-domains of mica with different ages, 
relative to undeformed mica domains that preserve ages from previous events (e.g. 
Scaillet et al., 1990; Dunlap et al., 1991; Reddy and Potts, 1999).   In rocks from 
Antelope Island, the mechanical comminution of neocrystallized grains may have 
produced very fine mica grains with significantly reduced diffusional length scales, 
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causing closure temperature to fall below estimated peak temperatures, and therefore 
inducing post-neocrystallization Ar loss during protracted deformation.  Such very fine 
grain fractions were mainly filtered during sample preparations of step heated mica 
separates during sieving  (sieved fraction between 90 µm and 600 µm), although some 
fine-grained aggregates may have survived the sieving process, or adhered to larger 
grains that made it into the final population.  In this case, the youngest step heating ages 
could possibly reflect some Ar loss, but the vast majority of ages are still interpreted to 
reflect variations in the age of neocrystallization of grains > 90 µm.  Very fine-grained 
mica intergrowths that underwent some Ar loss also may have been ablated in situ along 
with larger grains that recorded neocrystallization.   Such apparent ages would be 
younger than the neocrystallization age by an amount that depends on the relative volume 
of ablated fine-grained mica that potentially underwent Ar loss.  Considering the 
consistency between the ablation ages and associated step heat ages for footwall samples, 
along with grain size observations from BSE images, this averaging effect is considered 
to be minimal. Therefore, while the potential for deformation processes inducing Ar loss 
during or post-neocrystallization cannot be entirely ruled out, it can be considered 
insufficient to significantly affect the overall acquired age populations at Antelope Island.  
Syndeformational neocrystallization 
Previous studies have had success in dating syndeformational neocrystallization 
from greenschist-facies shear zones, such as from: (1) alpine nappes in Switzerland (e.g. 
Kirschner et al., 1996; Challandes et al., 2003; Rolland et al., 2009) and western Italy 
(e.g. Scaillet et al., 1990); (2) thrust duplexes from central Australia (e.g. Dunlap et al., 
1991); (3) thrust belts from southern Norway (e.g. Mulch et al., 2005); and (4) the 
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interior of the Sevier orogen in northern Utah/southern Idaho (Wells et al., 2008).  Mica 
grains have been shown to record distinct recrystallization events segregated among 
distinct microstructural domains such as schistosity and cleavage fabrics (e.g. Challandes 
et al., 2003), grain edges separated from undeformed cores in large grains that underwent 
Ar loss during post-crystallization metamorphism (e.g. Scaillet et al., 1990), or 
neocrystallized mica that overprinted an older detrital population that remained closed to 
Ar diffusion during the final stages of a ductile deformation event (e.g. Dunlap, 1997).  
Others have reported systematic age variations bracketing microstructural development 
throughout progressive ductile deformation that occurred under greenschist conditions 
(e.g. Kirschner et al., 1996) and near the brittle ductile transition zone during alternating 
changes in strain rate and fluid pressures (e.g. Mulch et al., 2005; Rolland et al., 2009).  
 Phengitic muscovite grains observed and analyzed in rocks from the Antelope 
footwall are interpreted to be secondary, neocrystallized from the chemical alteration of 
plagioclase and K-feldspar in the presence of passing metamorphic fluids at lower 
greenschist conditions (Yonkee et al., 2000a, 2000b, 2003, 2013).   The alteration from 
plagioclase and K-feldspar to phengitic muscovite is represented by systematic changes 
in whole-rock chemistry and mineral abundances between unaltered granitic basement 
rocks in the Farmington Canyon Complex, and altered basement shear zone rocks and 
diamictites rocks in sedimentary cover.  Granitic rocks that host basement shear zones are 
composed mainly of K-feldspar, plagioclase (oligoclase), hornblende, and quartz. 
Muscovite abundances and Mg concentrations increase whereas feldspar abundances and 
alkali concentrations decrease away from wall rocks and towards the interior of shear 
zones.  Similarly, granitic clasts from diamictites have high percentages of muscovite, 
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low percentages of feldspar, and are enriched in Mg and depleted in Na and Ca, relative 
to granitic basement protoliths (Yonkee et al., 2003, 2013).  Such geochemical changes 
indicate the production of phengitic muscovite from the chemical alterations of K-
feldspar (1) and albite (2) in the presence of a Mg-rich reactive fluid, governed by the 
following main reactions: 
 
(1) 2.25 K0.95Na0.05AlSi3O8 + 0.37 FeCl2 + 0.27 MgCl2 + 0.01 HCl + 1.02 H2O =  
 1.00 K0.98Fe0.37Mg0.27Al2.25Si3.24O10(OH)2 + 3.52 SiO2 + 1.16 KCl + 0.11 NaCl 
(2) 2.25 NaAlSi3O8 + 0.37 FeCl2 + 0.27 MgCl2 + 0.98 KCl + 0.01 HCl + 1.02 H2O =  
 1.00 K0.98Fe0.37Mg0.27Al2.25Si3.24O10(OH)2 + 3.52 SiO2 + 2.25 NaCl 
 
Phengitic muscovite grew in textural sites that formed under local dilational strain, such 
as in microfractures in feldspars, strain fringes around competent feldspar grains, pull-
aparts within large quartz and feldspar grains, strain fringes in diamictite matrix around 
competent quartzite clasts, and within shear veins that cut sedimentary rocks, indicating 
that secondary mica growth was syntectonic.  Therefore, measured mica ages from 
Antelope Island are interpreted to directly date the deformation event that is linked with 
fluid infiltration, shear zone formation, and the alteration of feldspar minerals resulting in 
muscovite growth. 
 Mid-Cretaceous mica ages from the footwall are interpreted to date syntectonic 
muscovite neocrystallization, while a subset of grains with apparent Early Cretaceous 
ages remains suspect and thus is cautiously interpreted.  Laser ablation analyses from the 
shear vein that cut the Kelley Canyon slate at site 35 yielded the largest spread of ages 
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from ~91 Ma to ~167 Ma, with half ranging between ~91 Ma and ~113 Ma.  Mica from 
the same sample that were step heated also yielded a similar age profile, ranging between 
~90 Ma and ~115 Ma for over half of the 39Ar gas released, before climbing to 
significantly older ages during higher temperature steps.  The majority of muscovite laser 
ablation ages from basement shear zones and granitic clasts in diamictite yielded ages 
between ~88 Ma and ~113 Ma (Fig. 3.26c & d), which is concordant and overlaps with 
laser ablation ages measured from strain fringes and shear veins in diamictite samples 
that bracket a spread of ages from ~88 Ma to ~115 Ma.  Mica separates from the granitic 
clast, strain fringe, and shear vein samples, each collected from the diamictite at different 
locations, yielded smooth age gradients that together range between ~89 Ma and ~109 
Ma for ≥ ~90% 39Ar released (Fig. 3.27).  The predominance of mid-Cretaceous ages 
varying between ~115 Ma to ~90 Ma from step heating and laser ablation ages across the 
various representative microstructural sites in the footwall indicates that 
syndeformational neocrystallization lasted for at least 25 m.y.  Laser ablation ages older 
than ~115 Ma are limited to granitic samples and the shear vein sample from site 35, 
forming a small subset of ages between ~118 Ma and ~136 Ma, and another small subset 
of ages from sample 35-SV between ~148 Ma and ~167 Ma.  Older ages from the 
younger subset may represent neocrystallization during the initial development of the 
Willard thrust, although excess Ar cannot be ruled out.  Ages from the older subset are 
geologically unreasonable, and likely resulted from isolated pockets of excess Ar that 
originated from nearby feldspar grains or K-rich argillaceous rocks during periods of 
limited fluid circulation. 
 The observed variability in measured muscovite ages from Antelope Island is 
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interpreted to mostly represent overlapping episodes of neocrystallization related to the 
protraction and repetition of deformation and fluid influx within evolving shear zones in 
basement and sedimentary cover rocks of the footwall (e.g. Yonkee, 1992; Yonkee et al., 
2003).  Deformation and muscovite neocrystallization were concentrated within shear 
zones under conditions of high fluid flow in granitic basement, and more widespread in 
diamictite intervals, resulting in the breakdown of feldspar and neocrystallization of 
muscovite, and hence rheological softening (Yonkee et al., 2003).  Enhanced deformation 
lead to the development of new fluid pathways, which focused fluid flow away and 
lowered fluid pressures, until the sites of deformation were eventually sealed. Such 
weakened sites were easier to breach than the stronger wall rocks that host them, and thus 
became sites of reoccurring and focused fluid flow, inviting future cycles of cracking, 
fluid flow, enhanced deformation (feldspar alteration and muscovite neocrystallization), 
new fracture formation, and sealing.  As shear zones widened and rocks became 
increasingly weakened, this created a positive feedback system, hosting different 
generations of mica growth over a protracted interval of deformation across the various 
structural sites within the footwall. 
Tectonic implications 
Deformation of the Willard footwall coincides both temporally and spatially with 
later motion along the Willard thrust, during the transition between major tectonic 
shortening and thickening events in the western and eastern thrust systems in the northern 
Utah sector of the SFTB (Fig. 3.28).  The role that the Willard footwall played in the 
evolution of the thrust belt was largely predetermined by its position relative to the rifted 
margin in the Neoproterozoic, which coincided with a basement promontory at the 
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transition between the rifted shelf and cratonal platform, and consequently between 
western and eastern thrust systems (Camilleri et al., 1997).  Motion along the Paris-
Willard-Meade thrust initiated by the early Aptian as recorded by deposition of the 
Ephraim and Bechler conglomerates in the Gannett Group (Wiltschko and Dorr, 1983; 
Heller et al., 1986; DeCelles et al., 1993).  Additionally, recent zircon (U-Th)/He 
thermochronometric studies from the Willard thrust sheet have revealed ages as old as 
~130 Ma beneath a preserved PRZ (Eleogram et al., 2013). Structurally-elevated 
basement at the site of Antelope Island acted as a buttress upon the propagating Willard 
thrust sheet, concentrating shortening that led to basement-cored duplexing along the 
structurally lower Ogden thrust system within the footwall, which fed slip into foreland 
thrust systems to the east (Crittenden, 1972; Yonkee, 1992).  Thrust imbrication within 
the footwall initially resulted in the structural growth of the Wasatch anticlinorium by 
~90 Ma, which continued to uplift the overlying Willard thrust over a period of ~40 m.y. 
in the Late Cretaceous and early Paleogene during renewed tectonic growth events, 
synchronous with thrusting along the foreland thrust systems (Naeser et al., 1983; 
DeCelles, 1994).  The predominance of mica neocrystallization ages between ~115 Ma 
and ~90 Ma indicates that the main period of footwall deformation post-dated initiation 
of the Willard thrust by a minimum of 10 m.y., was synchronous with later Cenomanian 
to Turonian slip of the Willard thrust, which is dated by conglomerates from the Bear 
River, Aspen and Frontier Formations (Wiltschko and Dorr, 1983; DeCelles, 1994).  
Footwall deformation probably terminated upon initial thrusting along the Crawford 
thrust at ~90 Ma, which is shown to have folded synorogenic conglomerates deposited at 
Red Mountain during emplacement of the Paris-Meade thrust sheet (DeCelles et al., 
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1993).  Therefore, footwall deformation played a key transitional role in taking up 
shortening strains for at least 25 m.y. immediately preceding thrusting along eastern 
frontal thrusts.    
The addition of fluids to the Willard footwall was essential in producing ductile 
fabrics and in facilitating the neocrystallization of muscovite at greenschist facies 
conditions, eventually leading to reaction softening and deformation localization in 
footwall rocks (Yonkee, 1992; Yonkee et al., 2003, 2013).  Petrologic, microstructural, 
and geochemical observations indicate that large volumes of fluids were present in the 
Willard footwall during deformation and mica neocrystallization (Yonkee et al., 2003; 
Yonkee, 2005; Yonkee et al., 2013), suggesting that the Willard thrust was already fully 
developed and concentrated reactive fluids that originated from the hinterland, released 
during Late Jurassic metamorphism and associated granitoid magmatism in the Sevier 
hinterland (Miller, 1980; Dallmeyer et al., 1986; Hudec, 1992; Camilleri et al., 1997; 
Wells et al., 2008; Howard et al., 2011).  Hinterland fluids progressively migrated 
eastward during loading of western thrust sheets such as the Hansel Plate along the 
Manning Canyon detachment in the Late Jurassic (Allmendinger and Jordan, 1981), and 
then the Willard sheet in the Early Cretaceous.  Major shear zones near and within the 
core of the Willard thrust zone may have concentrated fluid flow by seismic pumping 
during rupture events (McCaig, 1988; Yonkee et al., 2013), which then leaked into newly 
developed fracture networks in the footwall that formed during Willard thrusting. 
The dominant range of neocrystallization ages of between ~115 Ma and ~90 Ma 
is consistent with the interpretation that the main phase of deformation was synchronous 
with later thrust faulting of the Willard thrust, although uncertainties regarding the 
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significance of older ages permit mica neocrystallization and semi-brittle deformation 
during the initial stages of Willard thrusting.  40Ar/39Ar ages from ductile deformation 
zones within the Willard footwall, previously dated to between ~140 Ma to ~110 Ma, 
have also been used to suggest that deformation associated with Willard thrusting 
extended much earlier into the Neocomian (e.g. DeCelles, 2004), despite complications 
associated with these ages due to potential excess Ar.  Mica ages presented in this study 
from Antelope Island also include a minor yet significant population of mica ages from 
granitic samples between ~140 Ma and ~110 Ma, which also potentially resulted from 
elevated excess Ar concentrations, or otherwise date neocrystallization during the initial 
stages of Willard thrust faulting.  A smaller subset of ages between ~150 Ma to ~167 Ma 
from sample 35-SV are considered geologically unreasonable, and more likely resulted 
from excess Ar. While it is not possible to distinguish with certainty the validity of these 
older ages, the overwhelming results of this study indicate that main periods of 
deformation across all samples and structural localities bracket a period of time in the 
mid Cretaceous that post-dates initial, and is synchronous with later, thrusting along the 
Willard for at least 20 m.y., until its termination at ~90 Ma. 
 Interpretations regarding the temporal relationship between footwall deformation, 
development of the Ogden thrust system and growth of the Wasatch anticlinorium 
suggest that a shift in the mechanical behavior of the Willard footwall played a 
significant role in facilitating thrust propagation into the foreland (Yonkee et al., 2013).  
The footwall apparently took up shortening strain during the Early to mid Cretaceous 
during later slip along the Willard thrust, leading up to the eventual transfer of slip to the 
eastern frontal system.  With the coalescence of the Willard thrust and associated 
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eastward regional fluid flow down gravitational and hydraulic gradients, the Willard 
footwall deformed in a semi-brittle manner assisted by fluid-induced rheological 
weakening as it warmed due to tectonic burial.  Ductile deformation zones spread 
throughout the footwall, and eventually developed into the through-going Ogden thrust 
system, which is interpreted to have hydraulically connected the Willard thrust with 
future frontal thrusts along a common basal décollement (Yonkee, 1992; Yonkee et al., 
2003, 2013).  The combination of the termination of Willard thrusting which 
concentrated and supplied metamorphic fluids to the footwall, along with development of 
the Ogden thrust system which diverted fluids away from the footwall and towards the 
east, resulted in the termination of plastic deformation and mica neocrystallization, and 
led to rheological strengthening of the footwall by ~90 Ma (Fig. 3.29).  This major 
mechanical transition generated a strength contrast between a weakened basal fault zone 
and a strengthened internal wedge, which acted to reduce taper within the thrust belt and 
drive initial thrusting along the Ogden thrust system and the Crawford thrust to the east 
(Yonkee and Weil, 2011). Thrust-belt wedges such as the Taiwan and Niger delta thrust 
belts have shown similar contrasts in strength between a weak detachment fault and 
internally strong crust, which may be considered a necessary condition to permit large 
displacements of large sections of upper crustal rocks while remaining intact (Davis et 
al., 1983; Suppe, 2007; 2009).  
A limited number of ages from two Fremont Island samples are cautiously 
interpreted to date cooling of the Willard sheet, possibly following internal strain within 
the Willard sheet related to the initial development of the Willard thrust.  Muscovite and 
biotite ages from Fremont Island record cooling in the 40Ar/39Ar isotopic system at ~140-
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134 Ma, which predates currently accepted timing estimates of the onset of thrust-induce 
exhumation and erosion of the Willard sheet by ~10 m.y., based on the deposition of 
synorogenic deposits in the foreland (Wiltschko and Dorr, 1983; DeCelles et al., 1994) 
and zircon helium thermochronologic data (Yonkee et al., 2013).  Why there is a lag time 
of  ~20-25 m.y. between most cooling ages from the base of the Willard sheet and 
initiation of the main phase of mica neocrystallization at the top of the footwall from this 
study (~115-110 Ma) is not clear. Thermal models from the Willard Peak area indicate 
that as the Willard thrust developed, the hanging wall exhumed and cooled rapidly, while 
the footwall was buried and warmed rapidly (Eleogram et al., 2013; Yonkee et al., 1989).  
With the percolation of reactive fluids into the top of the warming footwall along the 
developing Willard thrust zone, neocrystallization ages at Antelope Island would be 
expected to immediately follow initial cooling and exhumation of the Willard sheet.  
Perhaps older ages from granitic rocks in the footwall between ~115 Ma and ~135 Ma 
may represent initial neocrystallization of muscovite in the footwall during the initial 
stage of motion along the Willard thrust, although uncertainties regarding the potential 
incorporation of small but significant amounts of excess Ar in these samples limits our 
confidence in this interpretation.  
 
Conclusions 
New muscovite 40Ar/39Ar geochronology of syntectonic mica from footwall rocks 
of the Willard thrust record muscovite neocrystallization resulting from fluid induced 
breakdown of plagioclase and K-feldspar associated with deformation and fabric 
development during late slip along the Willard thrust.  Mica ages measured by both in 
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situ laser ablation and step heating methods record a main period of mica growth at ca. 
115 Ma to ca. 90 Ma, dating protracted deformation late in the history of motion on the 
Willard thrust.  This interval of deformation post-dates currently accepted estimates of 
initial thrust motion from late Neocomian-early Aptian synorogenic deposits, and 
younger ages mark the termination of thrust faulting at ca. 90 Ma. Variability in ages 
from Antelope Island is interpreted to represent protracted muscovite neocrystallization 
during repeated crack and seal episodes within weakening shear zones under transient 
conditions of focused fluid flow.  
Limited muscovite and biotite ages from the base of the Willard sheet exposed at 
Fremont Island are cautiously interpreted to date cooling of the Willard sheet at ca. 140 -
134 Ma, possibly following internal strain related to the initial development of the 
Willard thrust.  A time lag of  ~25 m.y. between cooling ages from the base of the 
Willard sheet and initial mica neocrystallization at the top of the footwall is not expected, 
considering thermal models from the Willard Peak area show immediate warming and 
cooling of the footwall and hanging wall, respectively, upon Willard thrust faulting.  A 
minor subset of older ages from ~135 Ma to ~115 Ma is cautiously interpreted to date 
neocrystallization during early stages of Willard motion, although the possibility of 
excess Ar cannot be ruled out. Future thermochronologic studies from the base of the 
Willard sheet, along with continuing studies from the top of the footwall, will attempt to 
clarify these ambiguities. 
The combined development of the Willard thrust and Ogden duplex system 
played a major role in the deformational evolution of the Willard footwall, which 
underwent a major mechanical shift in the mid Cretaceous, resulting in the transfer of 
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thrust slip towards the foreland.  Reactive fluids that originated in the metamorphic 
hinterland to the west were concentrated along the Willard thrust in the Early Cretaceous.  
Hydraulic gradients resulting from gravitational forces and seismic pumping along the 
thrust zone drove reactive fluids downward into the deforming footwall along fracture 
networks at various scales, inducing fluid-assisted plastic deformation and rheological 
weakening by pressure solution and feldspar alteration to mica.  Upon termination of 
thrust faulting along the Willard thrust, the developing Ogden thrust system diverted 
fluids away from the footwall, shifting fluid flow towards the foreland.  Diminished fluid 
flow resulted in the termination of mica neocrystallization and plastic deformation at ca. 
90 Ma, causing rheological strengthening of the Willard footwall. The rheological 
contrast generated between a weakened basal fault zone and a strengthened internal 
wedge reduced critical taper and drove initial duplex faulting along the Ogden thrust 
system, uplift of the Wasatch anticlinorium, and thrust faulting along the Crawford thrust 
in the foreland. 
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Figure captions 
Figure 3.1.  Simplified tectonic map of the western Cordilleran orogen (after DeCelles 
and Coogan, 2006) to show the regional setting of the study area (inset) in Figure 3.2.  
Labeled fault systems include the Central Nevada thrust belt (CNTB), Death Valley 
Thrust Belt (DVTB), East Sierran thrust system (ESTS), Luning-Fencemaker thrust belt 
(LFTB), and Sevier fold-thrust belt (SFTB).  
 
Figure 3.2. Simplified geologic map (modified after Yonkee, 2005) of the southern part 
of the Willard thrust sheet.  Area section line (A-A’) represents cross section shown in 
Figure 3.3.  Geologic map of Antelope Island from Figure 3.4 (inset) is located in the 
footwall.  
 
Figure 3.3. Simplified geologic cross section of the Willard thrust sheet along the area 
section line A-A’ in Figure 3.2 (from Yonkee, 2005), after removal of the effects of 
Cenozoic normal faulting and tilting above the Wasatch anticlinorium.  Labels AI & FI 
represent the approximate along-strike structural positions of Antelope Island & Fremont 
Island with respect to the western part of the thrust sheet, near the transition between 
shelf and platform deposition along the ancient rifted margin.  
 
Figure 3.4. Simplified geologic map from the northwestern part of Antelope Island based 
from Doelling et al. (1990), showing footwall site and sample locations: 02 (sample 02-
AB), 06 (sample 06-R6), 07 (samples 07-SV and 07-Q3), 08 (samples 08-R6 and 08-Q3), 
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and 12 (sample 12-AB). Area section line (B-B’) represents cross section shown in 
Figure 3.7. 
 
Figure 3.5.  Photomicrographs of typical microstructures in crystalline basement and 
cover rocks at Antelope Island, taken under crossed polarized lenses:  
a. Strain fringe in diamictite sample 08-Q3, proximal to quartzite clast (qtz) that 
contains recrystallized quartz (r.q.), muscovite (ms), altered K-feldpar (kf), and 
iron-rich carbonate (c).  Photo taken at 20x magnification. See Figure 3.23d for 
inset. 
b. Strain fringe in diamictite sample 08-Q3, taken at higher magnification (100x) 
further from the clast, containing muscovite (ms), quartz (qtz), and altered K-
feldpar (kf).   
c. Low-strain granitic clast from diamictite that contains muscovite (M) and quartz 
grains (Q) (Figure 6D from Yonkee et al., 2012). 
d. Shear vein sample (not analyzed) near site 35 that contains deformed quartz (qtz) 
and muscovite (ms).  Deformation lamellae and undulose extinction apparent in 
quartz.  Mica show crenulated fabric with cleavage and schistose domains.  Taken 
at 20x magnification.   
e. Shear vein sample (not analyzed) near site 35 with crenulated fabric in muscovite, 
taken at 100x magnification.  Dark seams that make up the cleavage lined with 
oxides.   
155
f. Basement shear zone sample (not analyzed) near site 02 with anastamosing mica 
domains within chloritic gneiss that contains quartz (qtz), altered K-feldspar (kf) 
and muscovite (ms).   Taken at 20x magnification.  
 
Figure 3.6.  Compositional plots of phengitic muscovite from a granitic clast in 
diamictite from the Mineral Fork Formation (sample 06-R6), a basement shear zone 
(sample 12-AB), and a shear vein in slate from the Kelley Canyon Formation (sample  
35-SV) at Antelope Island, and from matrix in diamictite from the Perry Canyon 
Formation (sample FI-01) at Fremont Island.  All Fe considered ferrous.  (a) Plot of Si 
(atoms per formula unit) versus Mg#  = Mg/(Fe + Mg).  (b) Top half of Al-Na-Fe + Mg 
ternary diagram.   
 
Figure 3.7. Simplified geologic cross section of the northwestern end of Antelope Island 
along the area section line in Figure 3.4 (modified after Yonkee et al., 2012). Probability 
distribution plots including histograms (10 m.y. bins) and density curves of 40Ar/39Ar 
laser ablation ages (1σ error) shown for muscovite that grew in basement shear zones 
(AB samples), granitic clasts in diamictite (R6 samples), strain fringes in diamictite (Q3 
samples), and shear veins (SV samples). 
 
Figure 3.8.  Probability distributions plots, including histograms and density curves, of 
all filtered 40Ar/39Ar laser ablation ages from mica measured from Antelope Island 
samples (thick grey bars, 10 m.y. bin sizes and thick solid curve) and Fremont Island 
samples (thin light grey bars, 1 m.y. bin sizes and thin dotted curve).   
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Figure 3.9. The 40Ar/39Ar age spectra of selected muscovite populations from a granitic 
clast in diamictite from the Mineral Fork Formation (sample 06-R6), strain fringes in 
diamictite from the Mineral Fork Formation (samples 07-Q3 and 08-Q3), and shear veins 
in diamictite from the Mineral Fork Formation and in slate from the Kelley Canyon 
Formation (samples 07-SV and 35-SV, respectively) at Antelope Island.  Steps in bold 
outline steps that define continuous age gradients.  See Figure 3.27 for detailed view of 
well-behaved spectra.  Box heights represent 2σ error. 
 
Figure 3.10. Cumulative 40Ar/39Ar laser ablation ages of muscovite from a basement 
shear zone at Antelope Island (sample 02-AB), plotted along side with corresponding 
Ca/K and %40Ar* curves.  Mean age for youngest 17 of 21 analyses (~104.3 ± 5.8 Ma) 
shown by thin dashed line.  Horizontal error bars are 1σ. 
 
Figure 3.11. Cumulative 40Ar/39Ar laser ablation ages of muscovite from a basement 
shear zone at Antelope Island (sample 12-AB), plotted along side with corresponding 
Ca/K and %40Ar* curves. Mean age for youngest 10 of 16 analyses (~105.1 ± 5.4 Ma) 
shown by thin dashed line.  Horizontal error bars are 1σ. 
 
Figure 3.12. Cumulative 40Ar/39Ar laser ablation ages of muscovite from a granitic clast 
in diamictite from the Mineral Fork Formation at Antelope Island (sample 08-R6), 
plotted along side with corresponding Ca/K and %40Ar* curves. Mean age for youngest 
13 of 18 analyses (~110.9 ± 3.6 Ma) shown by thin dashed line.  Horizontal error bars are 
1σ. 
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Figure 3.13. Cumulative 40Ar/39Ar laser ablation ages of muscovite from a granitic clast 
in diamictite from the Mineral Fork Formation at Antelope Island (sample 06-R6), 
plotted along side with corresponding Ca/K and %40Ar* curves. Mean age for youngest 
25 of 29 analyses (~96.6 ± 6.4 Ma) shown by thin dashed line.  Horizontal error bars are 
1σ.   
 
Figure 3.14. The 40Ar/39Ar age spectrum of selected muscovite population from a 
granitic clast in diamictite from the Mineral Fork Formation at Antelope Island (sample 
06-R6), plotted with corresponding Ca/K and %40Ar* curves. Steps in bold define a 
continuous age gradient. Box heights represent 2σ error. 
 
Figure 3.15. Cumulative 40Ar/39Ar laser ablation ages of muscovite from a strain fringe 
in diamictite from the Mineral Fork Formation at Antelope Island (sample 08-Q3), 
plotted along side with corresponding Ca/K and %40Ar* curves.  Dark symbols represent 
ages from the chip cut out from the distal end of the strain fringe.  Gray symbols 
represent ages from the chip cut proximal to the clast. Mean age for all 18 analyses 
(~104.8 ± 4.8 Ma) shown by thin dashed line.  Horizontal error bars are 1σ. 
 
Figure 3.16. The 40Ar/39Ar age spectrum of selected muscovite population from a strain 
fringe in diamictite from the Mineral Fork Formation at Antelope Island (sample 08-Q3), 
plotted with corresponding Ca/K and %40Ar*  curves. Steps in bold define a continuous 
age gradient. Box heights represent 2σ error. 
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Figure 3.17. The 40Ar/39Ar age spectrum of selected muscovite population from a strain 
fringe in diamictite from the Mineral Fork Formation at Antelope Island (sample 07-Q3), 
plotted with corresponding Ca/K and %40Ar* curves. Box heights represent 2σ error. 
 
Figure 3.18. Cumulative 40Ar/39Ar laser ablation ages of muscovite from a shear vein in 
diamictite from the Mineral Fork Formation at Antelope Island (sample 07-SV), plotted 
along side with corresponding Ca/K and %40Ar* curves. Mean age for youngest 13 of 14 
analyses (~96.9 ± 8.0 Ma) shown by thin dashed line.  Horizontal error bars are 1σ. 
 
Figure 3.19. The 40Ar/39Ar age spectrum of selected muscovite population from a shear 
vein in diamictite from the Mineral Fork Formation at Antelope Island (sample 07-SV), 
plotted with corresponding Ca/K and %40Ar* curves. Steps in bold define a continuous 
age gradient. Box heights represent 2σ error. 
 
Figure 3.20. Cumulative 40Ar/39Ar laser ablation ages of muscovite from a shear vein in 
slate from the Kelley Canyon Formation at Antelope Island (sample 35-SV), plotted 
along side with corresponding Ca/K and %40Ar* curves. Horizontal error bars are 1σ. 
 
Figure 3.21. The 40Ar/39Ar age spectrum of selected muscovite population from shear 
vein in slate from the Kelley Canyon Formation at Antelope Island (sample 35-SV), 
plotted with corresponding Ca/K and %40Ar* curves. Box heights represent 2σ error. 
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Figure 3.22. Cumulative 40Ar/39Ar laser ablation ages of muscovite from (a) matrix in 
diamictite from the Perry Canyon Formation at Fremont Island (sample FI-01) and from 
(b) a pyrite strain fringe in diamictite from the Perry Canyon Formation at Fremont Island 
(sample FI-06), plotted along side with corresponding Ca/K and %40Ar* curves. 
Horizontal error bars are 1σ. 
 
Figure 3.23. Photomicrographs of quartz deformation fabrics in diamictite rocks from 
Antelope Island, taken with crossed polars: 
a. Quartz clast from a diamictite sample (not analyzed) from between sites 06 & 07.  
Quartz grains show undulose extinction and recrystallization mainly at grain 
boundaries by grain boundary bulging.  Photo taken at 20x magnification.  
b. Strain fringe in a diamictite sample (not analyzed) from between sites 06 & 07.  
Quartz in clast (qtz) shows limited recrystallization at grain boundaries.  Matrix in 
strain fringe consists of a mixture of fine recrystallized quartz and muscovite 
(q&m).  Recrystallized quartz is strongly deformed and flattened within the matrix.  
Taken at 40x magnification. 
c. Quartz pod consisting of a mixture of deformed coarser grains and finer 
recrystallized quartz (r.q.) located within a strain fringe in a diamictite sample (not 
analyzed) from between sites 06 & 07.  Coarser quartz grains show serrated grain 
boundaries, undulose extinction, deformation lamellae, and subgrains.  Finer 
recrystallized quartz are slightly to moderately flattened, although exhibiting less 
strain overall than coarser grains.  Muscovite (ms), flattened quartz grains, and 
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overall quartz domains align to make up main foliation.  Taken at 40x 
magnification.   
d. Strain fringe in diamictite (sample 08-Q3), proximal to quartzite clast (left) that 
contains mainly recrystallized quartz (r.q.) and iron-rich carbonate (c).  White 
outline matches inset from Figure 3.5a.  Recrystallized quartz is variably deformed 
with a section of mostly strain free and minimally flattened grains that grades into 
more flattened and deformed quartz towards the mica seam at the bottom of the 
image, shown in Figure 3.5a.  Photo taken at 40x magnification.  
 
Figure 3.24. Isotope correlation diagram for filtered 40Ar/39Ar laser ablation data from all 
nine analyzed chip samples from Antelope and Fremont islands.  Light grey bars span the 
region of ideal mixing of only two isotopic components, an initial atmospheric Ar 
component (y-intercept) and a purely radiogenic Ar component (x-intercepts), for two 
hypothetical mica populations that grew at 90 Ma and 150 Ma.  Range of data is 
interpreted to dominantly span the interval of neocrystallization. 
 
Figure 3.25. Isotope correlation diagram for step heat data from five samples at Antelope 
Island. Light grey bars span the region of ideal mixing of only two isotopic components, 
an initial atmospheric Ar component (y-intercept) and a purely radiogenic Ar component 
(x-intercepts), for two hypothetical mica populations that grew at 90 Ma and 150 Ma.  
Range of data shows a data point excursion toward the y-axis due to mixing of an excess 
Ar component in some muscovite. 
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Figure 3.26.  Backscatter electron images of ablation areas, taken at Weber State 
University, of samples (a) 35-SV, (b) 12-AB, (c) 02-AB, and (d) 06-R6.  Symbol 
definitions: quartz (qz), muscovite (ms), and K-feldspar (kf).  Ages in Ma.   
 
Figure 3.27.  Close up of age spectra of four of five well-behaved samples (06-R6, 07-
SV, 07-Q3, and 08-Q3) from Figure 3.9. Steps in bold define a continuous age gradient 
for that sample. 
 
Figure 3.28.  Regional timing relationships between thrust faults from the Idaho-Utah-
Wyoming section of the SFTB, incorporating new 40Ar /39Ar mica ages from this study, 
modified after Decelles et al., 1994, DeCelles, 2004, and Yonkee et al., 2013.  FW 
softening indicates the period of timing when reactive fluids were present in the Willard 
footwall, facilitating plastic deformation by pressure solution, feldspar alteration and 
mica neocrystallization.  Explanation of labels: Absaroka thrust (AT), Crawford thrust 
(CT), Hogsback thrust (HT), Wasatch anticlinorium (WA), and Willard thrust (WT). 
 
Figure 3.29.  Schematic diagram, modified from Figure 3.14 in Yonkee and Weil, 2011, 
illustrating the relationship between fluid migration and the structural evolution of the 
Willard footwall.  Grayed-out symbols and labels represent inactivity subsequent to 
termination.  
a. Thrust motion of the Hansel Plate along the Manning Canyon Detachment (MCD) 
in the Latest Jurassic focused the flow of reactive fluids that originated from the 
metamorphic hinterland to the west into the deforming footwall, later to become 
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the Willard thrust sheet.  Fluid-assisted plastic deformation and mica 
neocrystallization occurred within the future Willard thrust sheet, including at 
Fremont Island (FI).  Fluids had not yet reached the future Willard footwall 
exposed at Antelope Island (AI). 
b. Shear zones coalesced to form the through going Willard thrust (WT).  As the 
Willard thrust develops in the Aptian, metamorphic fluids are concentrated along 
the Willard thrust zone.  The focusing of fluids by the Willard thrust, combined 
with the increasing gravitational potential energy gained by the Willard thrust 
sheet, caused overall eastward and downward flow away from the Willard sheet 
into the footwall.  This transfer of metamorphic fluids eventually resulted in the 
termination of fluid-assisted plastic deformation and mica neocrystallization in the 
hanging wall, and its initiation in the footwall.  Initial fluid-assisted plastic 
deformation and mica neocrystallization may have started at Antelope Island by 
~125 Ma. 
c. By ~110 Ma, metamorphic fluids have reached fracture systems and shear zones 
that formed in basement and cover rocks at Antelope Island as a result of Willard 
thrust faulting, and the main phase of syndeformational neocrystallization is 
underway, synchronous with major slip along the Willard thrust. 
d. By ~85 Ma, shear zones within basement rocks of the Willard footwall coalesced 
to form a through-going thrust system and Ogden thrust duplex (OTD), resulting in 
initial uplift of the Wasatch anticlinorium (WA), coinciding with the termination 
of faulting along the Willard thrust.  Metamorphic fluids from the uplifting Willard 
footwall become focused by the Ogden thrust system, resulting in downward and 
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eastward flow away from the footwall (including Antelope Island), and towards 
the frontal thrust systems including the Crawford Thrust (CT).  By this time, fluid-
assisted mica neocrystallization at Antelope Island had terminated. 
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Ablation 36Ar 37Ar 38Ar 39Ar %40Ar* Ca/K 40Ar 40Ar*/39ArK
number (Ma)
1 0.060 0.019 0.058 3.873 90.6 0.137 79.726 19.082 98.15 ± 0.71
2 0.057 0.029 0.050 2.985 89.5 0.272 65.939 19.883 102.15 ± 0.69
3 0.067 0.018 0.068 4.077 90.7 0.124 90.699 20.827 106.86 ± 0.77
4 0.063 0.017 0.040 1.845 83.2 0.258 47.918 20.933 107.39 ± 0.84
5 0.050 0.018 0.034 2.142 90.8 0.236 59.381 24.640 125.76 ± 0.91
7 0.037 0.017 0.029 1.517 91.5 0.314 35.176 18.956 97.52 ± 0.85
8 0.045 0.020 0.030 1.547 86.6 0.362 36.404 18.408 94.77 ± 0.73
10 0.044 0.022 0.029 1.295 84.6 0.476 30.613 18.446 94.96 ± 1.40
11 0.049 0.016 0.025 1.642 88.1 0.273 45.966 24.255 123.86 ± 1.25
12 0.056 0.015 0.047 2.033 88.8 0.207 50.235 20.809 106.77 ± 0.88
14 0.052 0.014 0.028 1.628 89.5 0.241 46.135 23.728 121.26 ± 0.80
15 0.049 0.032 0.030 1.124 85.5 0.798 31.366 20.432 104.89 ± 1.20
17 0.041 0.016 0.024 1.350 88.5 0.332 38.297 23.558 120.42 ± 1.15
18 0.067 0.021 0.051 2.351 83.9 0.250 58.920 20.924 107.35 ± 0.92
19 0.050 0.018 0.018 1.532 83.2 0.329 37.968 19.303 99.26 ± 1.26
20 0.061 0.018 0.037 2.466 87.4 0.205 61.478 21.878 112.09 ± 1.05
21 0.062 0.030 0.057 2.738 88.3 0.307 67.293 21.972 112.56 ± 0.93
23 0.059 0.016 0.043 2.810 88.6 0.160 64.248 20.428 104.87 ± 0.90
25 0.078 0.020 0.047 2.548 83.5 0.220 66.283 21.958 112.49 ± 0.77
27 0.034 0.019 0.026 1.114 91.5 0.478 27.556 19.989 102.68 ± 1.87
29 0.033 0.016 0.022 1.046 93.0 0.429 25.966 21.091 108.18 ± 1.03
6†† 0.065 0.020 0.055 3.210 90.8 0.175 89.743 25.907 132.00 ± 0.85
9†† 0.052 0.022 0.028 1.777 89.7 0.347 57.783 29.424 149.19 ± 1.20
13 † 0.068 0.030 0.033 1.192 78.8 0.705 40.440 24.424 124.70 ± 1.05
16†† 0.035 0.023 0.028 1.371 91.2 0.470 35.360 21.724 111.32 ± 1.17
22 † 0.307 0.018 0.097 2.540 55.3 0.199 132.120 28.228 143.36 ± 1.31
24†† 0.053 0.019 0.043 2.322 89.9 0.229 59.041 22.857 116.95 ± 0.98
26†† 0.035 0.010 0.017 0.913 90.5 0.307 27.258 23.815 121.69 ± 1.17
28 † 0.066 0.019 0.026 0.754 70.1 0.706 30.065 26.794 136.35 ± 1.13
2 0.013 0.011 0.022 1.642 99.9 0.167 45.892 26.211 118.05 ± 1.49
3 0.014 0.012 0.035 2.450 99.3 0.122 52.902 20.337 92.26 ± 0.89
4 0.011 0.013 0.028 2.120 96.7 0.153 44.753 19.843 90.07 ± 0.77
5 0.013 0.012 0.020 1.282 93.2 0.234 30.154 21.428 97.08 ± 0.96
6 0.012 0.016 0.015 1.026 97.6 0.390 26.090 33.662 105.25 ± 1.55
7 0.015 0.015 0.030 2.006 97.0 0.187 50.250 23.638 106.80 ± 0.96
8 0.011 0.008 0.027 2.024 99.2 0.099 43.632 20.676 93.76 ± 0.71
9 0.011 0.016 0.016 1.570 97.3 0.255 34.273 20.269 91.96 ± 0.74
10 0.015 0.015 0.018 1.042 92.3 0.360 27.890 23.288 105.26 ± 1.98
11 0.016 0.015 0.014 1.054 93.9 0.356 38.929 33.376 149.02 ± 1.26
13 0.011 0.014 0.014 1.005 99.8 0.348 24.272 22.273 100.80 ± 1.60
14 0.014 0.014 0.030 1.776 97.9 0.197 44.475 23.608 106.67 ± 0.99
15 0.013 0.011 0.010 0.724 99.8 0.380 20.907 25.926 116.81 ± 2.60
16 0.015 0.018 0.030 2.096 99.6 0.215 60.080 27.564 123.94 ± 1.10
18 0.012 0.027 0.019 1.594 99.9 0.423 36.734 22.031 99.73 ± 0.93
19 0.015 0.016 0.023 1.477 98.1 0.271 33.752 21.259 96.33 ± 1.73
21 0.016 0.015 0.028 1.853 97.8 0.202 42.197 20.998 95.18 ± 0.89
22 0.014 0.011 0.019 1.281 99.0 0.215 35.528 23.206 104.90 ± 1.10
23 0.019 0.017 0.023 0.988 92.0 0.430 24.168 20.110 91.26 ± 1.25
24 0.013 0.017 0.030 2.389 98.7 0.178 49.807 20.006 90.79 ± 1.12
25 0.013 0.016 0.035 2.609 98.8 0.153 52.768 19.462 88.39 ± 0.98
26 0.015 0.017 0.009 0.826 93.8 0.514 20.376 21.239 96.24 ± 2.23
30 0.015 0.017 0.018 0.925 94.2 0.459 21.802 20.153 91.45 ± 1.98
Sample 02-AB, muscovite, J = 0.00293 ± 0.50%.  
4 amu discrimination = 1.0596 ± 0.3%, 40/39K = 0.0172 ± 11.27%, 36/37Ca = 0.000263 ± 6.30%, 39/37Ca = 0.000672 
Sample 06-R6, J = 0.00258 ± 0.50%. 
4 amu discrimination = 1.0515 ± 0.42%, 40/39K = 0.0172 ± 11.27%, 36/37Ca = 0.000263 ± 6.30%, 39/37Ca = 0.000672 
Age  ± 1σ
Site 02: 40.992 °N, 112.237 °W
Antelope Island
Site 06: 40.992 °N, 112.235 °W
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APPENDIX E:  LASER ABLATION DATA
Ablation 36Ar 37Ar 38Ar 39Ar %40Ar* Ca/K 40Ar 40Ar*/39ArK
number (Ma)
32 0.013 0.012 0.014 0.952 97.5 0.315 25.462 24.062 108.66 ± 1.87
33 0.020 0.020 0.021 1.339 98.8 0.373 30.603 19.552 88.78 ± 1.18
34 0.016 0.022 0.051 3.665 98.8 0.150 76.040 19.840 90.06 ± 0.73
35 0.019 0.012 0.012 0.742 90.2 0.404 20.440 21.250 96.29 ± 1.66
36 0.013 0.008 0.010 1.007 99.8 0.199 24.072 20.952 94.98 ± 1.58
37 0.018 0.016 0.039 2.882 97.5 0.139 62.190 20.184 91.58 ± 0.91
1†† 0.055 0.020 0.037 1.716 86.1 0.291 64.840 29.722 133.30 ± 1.46
12 † 0.020 0.016 0.005 0.079 61.4 5.068 12.322 83.016 350.12 ± 23.96
17†† 0.017 0.015 0.026 1.633 96.9 0.230 39.809 22.489 101.75 ± 1.13
20†† 0.009 0.010 0.012 1.176 99.9 0.213 41.116 33.543 149.74 ± 1.81
27 † 0.014 0.019 0.011 0.564 93.0 0.842 14.087 20.352 92.33 ± 4.34
28†† 0.008 0.013 0.012 0.669 99.8 0.486 20.774 28.560 128.26 ± 2.05
29†† 0.010 0.014 0.010 0.653 95.8 0.536 16.284 21.429 97.08 ± 4.63
31†† 0.014 0.010 0.015 1.016 97.6 0.246 37.944 34.689 154.64 ± 1.58
38†† 0.016 0.018 0.015 1.148 97.9 0.392 30.336 23.437 105.92 ± 1.13
1 0.061 0.022 0.040 1.886 80.9 0.291 57.318 21.180 101.41 ± 4.70
2 0.038 0.015 0.028 1.576 91.4 0.237 41.707 19.471 93.44 ± 0.96
3 0.046 0.018 0.029 1.516 89.8 0.296 45.258 21.715 103.90 ± 1.50
4 0.039 0.017 0.011 0.585 86.2 0.725 21.411 18.437 88.60 ± 2.47
7 0.035 0.014 0.029 1.636 95.1 0.213 43.166 20.557 98.51 ± 1.47
8 0.036 0.020 0.015 0.710 91.8 0.702 22.106 18.120 87.11 ± 2.30
9 0.045 0.019 0.040 2.208 91.8 0.215 53.486 19.033 91.39 ± 0.94
10 0.035 0.016 0.023 1.190 97.0 0.335 37.527 24.167 115.26 ± 0.89
11 0.035 0.020 0.023 1.126 97.7 0.443 32.649 21.740 104.02 ± 0.82
12 0.041 0.014 0.040 2.672 96.1 0.131 67.233 21.605 103.39 ± 0.85
13 0.040 0.013 0.035 2.062 95.2 0.157 49.205 19.636 94.21 ± 0.72
14 0.035 0.016 0.019 1.225 97.6 0.326 32.168 19.479 93.47 ± 1.01
15 0.042 0.018 0.041 2.695 94.9 0.167 58.653 18.093 86.98 ± 0.82
16 0.032 0.012 0.028 1.649 98.2 0.181 40.779 19.747 94.72 ± 0.91
5 † 0.046 0.022 0.017 0.406 54.7 1.351 17.191 11.097 53.85 ± 4.18
6 † 0.041 0.076 0.038 1.962 92.7 0.966 54.058 21.917 104.84 ± 1.26
2 0.017 0.017 0.036 2.754 97.6 0.187 65.506 25.031 114.17 ± 0.80
3 0.011 0.011 0.021 1.697 99.9 0.196 38.805 24.266 110.79 ± 0.91
4 0.014 0.017 0.029 2.054 99.2 0.251 52.311 27.000 122.85 ± 0.93
6 0.014 0.016 0.019 1.766 97.7 0.274 43.682 32.745 147.95 ± 1.00
7 0.017 0.023 0.031 2.226 98.2 0.313 54.993 24.813 113.21 ± 0.74
10 0.014 0.019 0.022 1.256 96.6 0.458 29.597 23.745 108.48 ± 0.75
11 0.008 0.013 0.047 3.342 99.9 0.118 74.351 23.987 109.55 ± 0.68
12 0.016 0.020 0.034 2.268 98.1 0.267 62.565 29.108 132.10 ± 0.87
14 0.014 0.023 0.040 2.513 98.6 0.277 56.801 23.896 109.15 ± 0.70
15 0.019 0.026 0.046 3.136 97.4 0.251 82.030 27.459 124.87 ± 0.83
16 0.014 0.016 0.037 3.144 98.3 0.154 68.335 22.902 104.74 ± 0.71
17 0.012 0.020 0.035 2.308 98.4 0.262 50.392 22.815 104.35 ± 0.78
19 0.011 0.018 0.018 2.192 99.5 0.249 49.697 24.157 110.30 ± 0.70
21 0.010 0.016 0.031 2.213 99.6 0.219 55.988 27.068 123.15 ± 0.85
24 0.014 0.020 0.031 2.247 98.5 0.270 53.056 24.928 113.72 ± 0.80
25 0.015 0.025 0.037 2.322 98.2 0.326 54.617 24.777 113.05 ± 0.79
26 0.011 0.016 0.020 1.385 99.3 0.350 33.118 25.030 114.17 ± 0.97
28 0.013 0.019 0.016 1.124 97.2 0.512 28.710 25.383 115.73 ± 0.96
1†† 0.015 0.017 0.015 0.648 93.6 0.795 19.188 28.330 128.69 ± 1.46
5†† 0.017 0.022 0.019 1.766 97.7 0.377 43.682 25.675 117.02 ± 0.85
Sample 07-SV, J = 0.00273 ± 0.50%.  
4 amu discrimination = 1.0515 ± 0.42%, 40/39K = 0.0172 ± 11.27%, 36/37Ca = 0.000263 ± 6.30%, 39/37Ca = 0.000672 
Sample 08-R6, J = 0.00261 ± 0.50%. 
4 amu discrimination = 1.0596 ± 0.30%, 40/39K = 0.0172 ± 11.27%, 36/37Ca = 0.000263 ± 6.30%, 39/37Ca = 0.000672 
Site 07: 40.992 °N, 112.240 °W
Site 08: 40.993 °N / 112.246 °W
Age  ± 1σ
226
Ablation 36Ar 37Ar 38Ar 39Ar %40Ar* Ca/K 40Ar 40Ar*/39ArK
number (Ma)
8†† 0.013 0.012 0.020 1.120 97.9 0.325 37.930 35.006 157.73 ± 1.51
9 † 0.039 0.091 0.026 1.200 85.5 2.298 39.729 29.961 135.83 ± 0.97
13†† 0.014 0.029 0.029 1.685 98.3 0.521 46.433 28.882 131.11 ± 1.02
18†† 0.025 0.018 0.028 1.578 93.1 0.346 47.874 29.964 135.84 ± 1.06
20†† 0.022 0.020 0.020 1.075 96.8 0.564 72.190 70.549 304.91 ± 1.86
22†† 0.013 0.016 0.022 2.037 98.7 0.238 48.014 24.887 113.54 ± 0.87
23 † 0.024 0.090 0.023 1.175 92.5 2.321 35.649 29.695 134.67 ± 1.43
27†† 0.014 0.021 0.034 2.338 98.4 0.272 63.658 28.585 129.81 ± 1.03
1 0.055 0.021 0.068 4.228 94.1 0.142 100.371 23.369 108.00 ± 0.69
2 0.043 0.020 0.058 3.667 94.0 0.156 82.912 22.199 102.75 ± 0.76
3 0.036 0.020 0.054 3.289 95.1 0.174 74.166 22.256 103.00 ± 1.00
4 0.032 0.017 0.073 4.519 97.1 0.108 96.032 21.705 100.52 ± 0.69
5 0.050 0.017 0.056 3.547 92.3 0.137 82.700 22.493 104.07 ± 0.73
6 0.041 0.020 0.055 3.435 95.1 0.167 77.240 22.091 102.26 ± 0.70
7 0.050 0.032 0.049 2.862 91.8 0.320 68.718 22.597 104.54 ± 0.68
8 0.035 0.016 0.037 2.240 94.9 0.204 52.681 22.348 103.42 ± 0.88
9 0.029 0.016 0.028 1.648 96.0 0.278 37.994 21.304 98.71 ± 0.97
10 0.035 0.021 0.039 2.221 93.9 0.271 50.388 21.440 99.33 ± 0.69
11 0.031 0.017 0.035 2.239 95.4 0.217 49.806 21.344 98.90 ± 0.72
1 0.031 0.017 0.046 2.416 93.8 0.201 52.261 20.872 99.26 ± 0.94
2 0.027 0.021 0.027 1.506 93.1 0.398 36.655 22.305 105.88 ± 1.07
3 0.025 0.016 0.021 1.537 97.2 0.297 39.001 23.782 112.68 ± 1.41
4 0.026 0.015 0.029 1.634 96.8 0.262 40.991 23.585 111.78 ± 0.87
10 0.025 0.018 0.038 2.463 98.9 0.208 57.359 23.211 110.05 ± 0.77
12 0.021 0.014 0.026 1.632 99.9 0.245 38.520 22.634 107.40 ± 1.13
14 0.026 0.017 0.021 0.915 96.3 0.530 25.541 23.891 113.18 ± 1.77
5 † 0.064 0.018 0.021 0.867 76.2 0.592 39.261 33.384 156.25 ± 2.14
6†† 0.034 0.027 0.022 1.049 91.2 0.734 34.645 28.559 134.49 ± 1.62
7 † 0.032 0.017 0.013 0.435 91.7 1.114 27.588 53.563 244.53 ± 3.39
8 † 0.035 0.018 0.009 0.406 93.0 1.264 39.588 89.427 391.49 ± 3.10
9 † 0.037 0.059 0.026 1.403 91.2 1.199 36.468 22.625 107.35 ± 1.00
11†† 0.024 0.031 0.022 1.239 98.6 0.713 33.074 24.681 116.80 ± 1.41
13†† 0.025 0.021 0.014 0.762 96.8 0.786 22.813 25.026 118.39 ± 2.03
15 † 0.026 0.021 0.011 0.659 98.9 0.909 23.629 30.789 144.58 ± 1.49
16 † 0.027 0.019 0.015 0.579 97.0 0.936 18.128 24.095 114.11 ± 1.10
17 † 0.026 0.013 0.010 0.345 98.4 1.074 17.780 40.192 186.52 ± 2.04
1 0.046 0.021 0.067 4.466 95.6 0.140 87.046 19.210 94.19 ± 0.70
2 0.053 0.019 0.063 4.253 94.6 0.133 95.780 22.054 107.72 ± 0.72
5 0.036 0.019 0.050 3.788 96.9 0.149 78.558 20.675 101.18 ± 0.72
6 0.047 0.021 0.044 2.534 92.8 0.246 65.226 24.241 118.07 ± 1.04
7 0.056 0.018 0.065 4.196 93.3 0.128 113.638 26.589 129.10 ± 1.04
8 0.043 0.014 0.043 2.567 92.7 0.162 71.463 26.399 128.21 ± 0.93
11 0.034 0.016 0.048 3.360 95.6 0.142 73.716 21.560 105.38 ± 0.66
12 0.029 0.022 0.039 2.638 96.1 0.248 58.502 21.498 105.09 ± 0.73
13 0.037 0.017 0.044 2.670 94.7 0.189 71.627 26.050 126.57 ± 0.87
14 0.077 0.035 0.064 3.438 85.2 0.303 79.055 20.233 99.07 ± 0.73
16 0.053 0.018 0.057 3.614 92.7 0.148 93.582 25.187 122.52 ± 0.87
19 0.022 0.016 0.053 3.877 98.6 0.123 74.027 19.644 96.26 ± 0.74
21 0.024 0.021 0.042 2.572 97.1 0.243 50.067 19.197 94.13 ± 0.68
Sample 08-Q3 (proximal), J = 0.00271 ± 0.50%.  
Sample 08-Q3 (distal), J = 0.00264 ± 0.50%. 
4 amu discrimination = 1.0596 ± 0.30%, 40/39K = 0.0172 ± 11.27%, 36/37Ca = 0.000263 ± 6.30%, 39/37Ca = 0.000672 
4 amu discrimination = 1.0596 ± 0.30%, 40/39K = 0.0172 ± 11.27%, 36/37Ca = 0.000263 ± 6.30%, 39/37Ca = 0.000672 
Sample 12-AB, J = 0.00279 ± 0.50%. 
Site 12: 40.988 °N, 112.237 °W
4 amu discrimination = 1.0596 ± 0.30%, 40/39K = 0.0172 ± 11.27%, 36/37Ca = 0.000263 ± 6.30%, 39/37Ca = 0.000672 
Age  ± 1σ
227
Ablation 36Ar 37Ar 38Ar 39Ar %40Ar* Ca/K 40Ar 40Ar*/39ArK
number (Ma)
22 0.041 0.023 0.046 2.539 92.7 0.269 65.300 24.701 120.23 ± 0.85
23 0.027 0.021 0.056 4.022 96.9 0.155 83.115 21.192 103.63 ± 0.78
25 0.025 0.017 0.043 2.907 96.6 0.174 63.918 22.192 108.38 ± 0.84
3†† 0.039 0.015 0.039 2.646 94.9 0.168 60.953 22.045 107.68 ± 0.90
4†† 0.040 0.024 0.040 2.200 93.7 0.324 53.124 22.508 109.87 ± 1.11
9†† 0.066 0.018 0.071 4.655 96.5 0.115 267.627 60.002 279.24 ± 1.81
10†† 0.033 0.018 0.023 1.116 94.6 0.479 60.209 51.532 242.35 ± 1.60
15†† 0.033 0.017 0.050 3.132 95.5 0.161 66.931 21.044 102.93 ± 0.75
17†† 0.033 0.016 0.056 3.747 97.4 0.127 114.503 31.539 152.15 ± 1.00
18†† 0.030 0.016 0.054 3.220 97.3 0.148 89.216 28.237 136.81 ± 0.89
20†† 0.024 0.018 0.041 2.638 97.9 0.203 68.111 26.263 127.58 ± 0.89
24†† 0.024 0.020 0.025 1.501 93.9 0.396 34.374 21.439 104.81 ± 1.25
26†† 0.019 0.016 0.047 2.984 98.2 0.159 56.636 19.332 94.77 ± 0.86
27†† 0.027 0.020 0.030 2.032 95.6 0.293 58.858 28.826 139.56 ± 0.90
28†† 0.024 0.018 0.037 2.562 96.6 0.209 58.768 23.048 112.43 ± 0.78
2 0.028 0.012 0.024 1.346 95.9 0.222 33.092 20.215 99.67 ± 1.44
3 0.020 0.016 0.021 1.416 99.0 0.282 35.090 22.451 110.37 ± 2.07
4 0.023 0.013 0.025 1.660 97.7 0.195 41.843 22.921 112.61 ± 2.41
5 0.021 0.016 0.020 1.089 92.1 0.366 25.630 18.438 91.13 ± 2.21
6 0.019 0.023 0.023 1.336 96.6 0.429 37.352 24.344 119.38 ± 0.93
7 0.021 0.016 0.020 1.089 92.1 0.366 25.630 19.413 95.83 ± 1.05
8 0.025 0.015 0.017 0.931 86.8 0.402 25.509 20.223 99.71 ± 1.22
9 0.025 0.018 0.017 0.975 96.0 0.460 26.012 21.107 103.95 ± 1.86
10 0.024 0.020 0.022 1.229 90.8 0.406 31.929 20.836 102.65 ± 1.58
11 0.022 0.014 0.015 1.048 100.0 0.333 39.165 33.166 160.75 ± 1.98
12 0.022 0.018 0.021 1.129 100.0 0.398 41.891 33.825 163.81 ± 1.58
13 0.025 0.014 0.020 1.109 95.6 0.315 29.895 22.660 111.37 ± 1.46
14 0.031 0.016 0.022 1.209 90.0 0.330 32.220 21.524 105.94 ± 1.31
15 0.025 0.015 0.030 1.611 96.5 0.232 62.045 34.443 166.67 ± 1.53
17 0.025 0.015 0.026 1.223 92.5 0.306 31.522 20.127 99.25 ± 1.31
18 0.027 0.014 0.024 1.253 94.0 0.279 47.552 32.131 155.95 ± 1.72
19 0.030 0.016 0.023 1.163 86.3 0.343 30.155 18.756 92.66 ± 2.51
21 0.031 0.023 0.027 1.603 94.6 0.358 44.739 22.209 109.21 ± 0.91
23 0.033 0.031 0.020 1.259 90.6 0.614 34.711 19.768 97.53 ± 1.08
24 0.032 0.019 0.028 1.397 93.5 0.339 42.536 25.097 122.94 ± 1.67
25 0.028 0.014 0.019 1.278 98.3 0.273 41.263 27.320 133.44 ± 2.20
26 0.011 0.011 0.007 0.563 99.7 0.487 18.624 27.849 135.93 ± 1.78
27 0.018 0.017 0.021 1.238 95.5 0.342 28.888 20.114 99.19 ± 1.28
28 0.014 0.016 0.033 2.225 98.8 0.179 73.135 31.865 154.71 ± 1.45
29 0.026 0.031 0.035 2.399 92.0 0.322 55.326 20.589 101.47 ± 0.92
30 0.014 0.023 0.021 1.288 99.2 0.445 38.574 27.987 136.57 ± 1.25
31 0.020 0.017 0.027 1.602 94.2 0.265 37.182 20.569 101.37 ± 1.40
32 0.014 0.017 0.025 1.787 97.4 0.237 58.372 30.942 150.41 ± 1.19
1† 0.027 0.059 0.026 1.060 96.3 1.388 28.020 21.118 104.00 ± 1.81
16 †† 0.030 0.018 0.033 1.941 96.2 0.231 71.925 33.003 160.00 ± 1.32
20† 2.836 0.012 0.563 2.282 11.2 0.131 896.761 44.063 210.59 ± 8.66
22† 0.026 0.050 0.023 1.260 97.9 0.990 34.397 21.096 103.90 ± 1.01
Sample 35-SV, J = 0.00281 ± 0.50%.  
Age  ± 1σ
4 amu discrimination = 1.0515 ± 0.42%, 40/39K = 0.0172 ± 11.27%, 36/37Ca = 0.000263 ± 6.30%, 39/37Ca = 0.000672 
Site 35: 40.991 °N, 112.239 °W
228
Ablation 36Ar 37Ar 38Ar 39Ar %40Ar* Ca/K 40Ar 40Ar*/39ArK
number (Ma)
1 0.028 0.024 0.038 2.466 97.1 0.313 68.618 29.719 139.74 ± 1.05
3 0.034 0.027 0.030 1.799 95.2 0.482 52.082 29.060 136.76 ± 1.09
5 0.024 0.012 0.023 2.037 99.3 0.189 59.094 30.706 144.20 ± 0.95
8 0.024 0.018 0.032 1.913 96.8 0.302 57.018 31.190 146.39 ± 0.97
11 0.022 0.021 0.032 2.194 98.6 0.308 59.368 28.654 134.92 ± 1.29
12 0.026 0.022 0.024 1.503 96.2 0.470 43.600 29.101 136.95 ± 1.01
13 0.024 0.020 0.023 1.629 97.3 0.395 46.384 29.093 136.91 ± 1.04
16 0.023 0.021 0.019 1.072 97.3 0.630 32.442 29.913 140.62 ± 0.93
24 0.019 0.017 0.017 0.946 96.2 0.578 28.162 29.123 137.05 ± 0.97
2§ 0.063 0.022 0.036 1.901 85.0 0.372 59.554 29.072 136.81 ± 1.18
4§ 0.029 0.028 0.039 2.202 97.7 0.409 62.973 29.964 140.85 ± 1.15
9§ 0.023 0.019 0.045 3.034 98.1 0.201 82.770 29.570 139.07 ± 0.93
10§ 0.029 0.014 0.028 1.596 93.3 0.282 43.120 26.598 125.56 ± 0.83
15§ 0.025 0.013 0.015 0.833 95.2 0.502 27.713 31.398 147.32 ± 0.97
17§ 0.038 0.028 0.028 1.488 90.3 0.605 42.849 27.074 127.73 ± 1.27
21§ 0.033 0.016 0.031 1.715 93.2 0.300 50.064 29.409 138.34 ± 0.98
22§ 0.074 0.016 0.039 2.050 81.2 0.251 60.814 26.380 124.57 ± 1.12
26§ 0.026 0.019 0.020 1.422 94.2 0.429 41.927 29.540 138.93 ± 1.13
6†† 0.023 0.030 0.027 1.477 99.6 0.653 49.864 35.285 164.75 ± 1.25
7†† 0.026 0.020 0.020 0.948 93.2 0.678 33.947 34.304 160.37 ± 1.29
18† 0.021 0.039 0.018 0.729 97.5 1.720 26.573 34.473 161.13 ± 1.86
20† 0.022 0.062 0.017 1.162 96.6 1.715 35.636 31.095 145.96 ± 1.08
23† 0.020 0.038 0.015 1.157 97.0 1.056 40.748 36.282 169.20 ± 1.35
27† 0.020 0.027 0.018 0.922 98.6 0.941 30.996 33.582 157.14 ± 2.48
14§†† 0.056 0.020 0.029 1.472 87.2 0.437 59.452 37.862 176.22 ± 1.43
25§† 0.059 0.020 0.032 1.459 79.5 0.441 44.264 25.782 121.84 ± 0.92
28§†† 0.041 0.019 0.023 1.149 87.9 0.531 39.388 31.470 147.65 ± 1.30
1 0.031 0.018 0.021 1.265 89.4 0.466 37.999 27.338 137.18 ± 0.99
3 0.020 0.017 0.012 0.807 92.8 0.690 26.540 29.487 147.54 ± 1.38
4 0.019 0.020 0.018 1.012 94.4 0.647 29.618 27.484 137.89 ± 1.14
9 0.026 0.021 0.018 0.894 88.5 0.769 27.290 26.671 133.96 ± 1.46
11 0.021 0.018 0.016 1.035 93.3 0.569 30.828 27.886 139.83 ± 1.48
12 0.022 0.018 0.010 0.782 90.3 0.753 24.176 27.129 136.18 ± 1.52
2†† 0.020 0.018 0.013 0.835 92.9 0.706 26.661 29.185 146.09 ± 1.03
5† 0.027 0.017 0.018 0.607 91.0 0.917 25.719 37.712 186.63 ± 1.57
6†† 0.022 0.012 0.012 0.810 95.2 0.485 26.473 30.478 152.30 ± 1.34
7†† 0.020 0.013 0.008 0.611 96.0 0.696 21.882 32.837 163.56 ± 1.98
8† 0.018 0.019 0.013 0.586 97.7 1.061 19.333 30.131 150.63 ± 2.86
10† 0.024 0.019 0.009 0.476 86.6 1.307 20.895 36.281 179.89 ± 2.03
13† 0.022 0.021 0.012 0.750 90.7 0.917 22.990 26.746 134.32 ± 7.38
14† 0.021 0.019 0.011 0.627 90.3 0.992 20.180 27.389 137.43 ± 1.52
15† 0.069 0.024 0.023 0.636 69.5 1.235 37.539 41.685 205.21 ± 2.50
16† 0.020 0.017 0.007 0.404 96.9 1.378 14.856 32.040 159.76 ± 2.50
   § measured biotite grains
Fremont Island
Site 06: 41.155 °N, 112.330 °W 
Sample FI-01, J = 0.00271 ± 0.50%.
4 amu discrimination = 1.0596 ± 0.30%, 40/39K = 0.0172 ± 11.27%, 36/37Ca = 0.000263 ± 6.30%, 39/37Ca = 0.000672 
Age  ± 1σ
Site 01: 41.174 °N, 112.360 °W
Sample FI-06, J = 0.00289 ± 0.50%.
4 amu discrimination = 1.0596 ± 0.30%, 40/39K = 0.0172 ± 11.27%, 36/37Ca = 0.000263 ± 6.30%, 39/37Ca = 0.000672 
   Note:  All analyzed mica compositions are phengitic muscovite unless otherwise noted in Fremont Island samples.  
Isotope beams in mV, rlsd = released, uncertainty in age includes J error, all uncertainties 1 sigma.  36Ar through 40Ar are 
measured beam intensities, corrected for decay for the age calculations.
   †† excluded analyses that ablated multiple phases.
   † excluded analyses with low radiogenic yields < 80 % and/or high Ca/K ratios > 0.8.
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